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Abstract
Dispersed water drops in oils can cause deti’imental effects. For example in 
refining and cracking o f crude oil, poisoning o f catalysts and equipment corrosion can 
be major problems due to tlie presence of water. Therefore there is a need to develop 
more efficient and cost-effective separators. The work in this tliesis covers an 
investigation o f the underlying electrostatic phenomena (i.e. drop-drop and drop- 
interface coalescence and drop deformation and break-up) leading to the development 
of compact electrocoalescer-separators.
Using novel two-dimensional electrode systems, it is shown here that 
coalescence readily occurs when the electric field is applied in the same direction as the 
line joining the centres o f the two drops, in line with the previous theoretical prediction 
of the maximum attractive force induced in this way. An adaptive Finite Element 
Method, incorporating automatic eiTor and mesh generator programmes, has been used 
to quantify the electric-induced forces o f charged spheres in an insulating medium, for 
short distances that are much smaller than the drop radius, where analytical solutions 
are no longer reliable. Moreover, drop-drop attraction can also occur when the angle is 
< 54.7° or > 125.3° firom the electric field direction. Previous work suggests that 
pulsed d.c. fields are effective for low-aqueous-content systems, and this has been 
further investigated here. The applied electric field and pulse firequency can be 
optimised to achieve the highest coalescence rate. High electric fields (> 3.5 kV/cm) are 
shown to deform and break up aqueous drops when the electric field-induced stresses 
overcome the interfacial tension. A critical electrostatic Weber number, corresponding 
to the onset of drop break-up, has been evaluated to be about 0.49 for several aqueous- 
oil systems. For the separation o f dispersed aqueous drops fi'om an oil phase, it is 
advantageous to incorporate an aqueous layer to induce drop-interface coalescence. A  
suitably applied electric field is shown to give efficient drop-interface coalescence.
The above investigations have led to the design and development o f two 
compact electrocoalescer-separators. The first separator combines the effects o f  
electrocoalescence and gravitational settling. The second separator, which utilises the 
electrocoalescence and centrifugal effects, can handle larger throughputs with 
reasonable separation efficiency. Both devices significantly enhance the separation 
and are good examples o f how the fundamental understanding gained in this studies can 
be applied to realistic practical situations.
m
P r e f a c e
The history o f this project is somehow ‘special’ and it started at the end o f  
summer 1998. Somewhere during the final year of my first degree, I informed 
Professor Ghadiri that I would like to do a Ph.D under his supervision. I presumed he 
was keen to take me as his student as he helped me in applying for the ORS and the 
University of SuiTey research studentships. About two months before my registration 
day, British Petioleum (BP) informed Prof. Ghadiri that they were interested in 
applying Prof. Ghadiri’s idea (i.e. the electro-clamping technology) in sepaiating water 
drops from crude oil. About two months after I had started my project, BP dropped its 
interest due to merging with Amoco to become BP Amoco and to cut its operating 
costs. I told Prof. Ghadiri that I was still very much interested in this particular 
research project because two o f the main exports o f my country (Malaysia) are 
petroleum and palm oil. Moreover, I believe that the knowledge gained from the study 
can help to answer one o f my curiosities, as described in the following paragraph.
As a small clrild growing up in a hot and humid country years ago, it never 
failed to intrigue me whenever there was a big thunderstorm there followed heavy rains 
with large drops o f water. Whenever I was caught in such a heavy downpour, I kept 
asking myself why God had to punish us with such big rain drops. Why does not God 
want to just wet the ground and the plants with small drops o f water ?
As time went by, I began to realise that science is a powerful tool in the 
progress o f mankind, and became interested in the study o f the structure and behaviour 
of the physical and natural phenomena in our world through intellectual observations 
and practical experiments. I was keen to understand the existing phenomena, as well 
as to develop new ideas and practical inventions based on scientific theories for the 
benefits o f future generations, and this gave me a great insentive to do a PhD.
The formation o f big rain drops following lightning is a very complex 
phenomenon. Although it is not the subject o f my research project, it turns out to be 
closely related to it. At the University o f SuiTey, I stalled working on the separation o f  
small water drops from oil. In general, crude oil extracted from oil fields may contain 
a quantity of water in dispersed form, which has to be separated for producing
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petioleum. I have been working on the idea o f applying high electric fields to enhance 
the separation of water fi'om oil. This is very similar to what happens in natuie in the 
formation o f big rain drops. In the raining phenomenon, the conductive water drops 
are dispersed in air, while in a water-in-oil dispersion, the water drops aie dispersed in 
an insulating oil phase. From the viewpoint o f the influence o f electric fields, there is 
little significant difference between the two systems.
It is hoped that the work carried out here on water drop coalescence in oils can 
help us in explaining why we get big rain drops when there is lightning in the clouds. 
The lightning clouds may acquire a very large amount o f electric chaiges, causing 
lightning and an electric field which in turn cause the coalescence o f the drops. The 
coalescence o f water drops also affects our everyday lives in various other ways. For 
example, the processing o f cooking oil requires the separation o f dispersed water drops 
fi'om the oil in order to produce good quality cooking oil.
The most important thing here is the way we look at phenomena, whether they 
are natural or man-made does not really matter. An open-minded view with a desire to 
solve an unlcnown phenomenon is cmcial for the progress o f mankind. If we try har d 
enough, I strongly believe that almost everything on om earth can eventually be 
explained by science. Not only to explain everything by science is important, but it is 
also equally or more important to be able to explain science and technology clearly and 
concisely to the public who are interested to read about them.
Therefore, with the intention o f putting most of the work done under one roof 
and making it as clear and as interesting as possible, this thesis has been structured in 
such a way as to show the interplay among several important and fundamental 
influencing aspects o f the separation efficiency o f two devices invented in this work: 
compact electrocoalescer-separators. This thesis is divided into nine main chapters, 
with the first chapter detailing the introduction, in technical aspects, o f the work, o f the 
objectives and of the approach used to achieve the final objectives. It also shows 
graphically the interplay among several important aspects o f the electric field and also 
of the physical liquid-liquid system itself. I believe that a review on the technology for 
the separ ation o f water/oil dispersions in high electric fields is important for the way 
forward in this field o f research. Therefore, Chapter 2 deals with this particular aspect
of the research programme. Chapter 3 details the literatme review on the cuiTent 
understanding of drop-drop coalescence in high electric fields. This includes previous 
work done by other investigators.
From the literature reviews in Chapter 2 and Chapter 3, fundamental concepts of 
the electric field are discussed in Chapter 4. In this chapter, the effects o f the direction 
o f the applied electric field relative to the location of the drops are discussed, together 
with other effects. However, it is well known that a very high electric field can lead to 
drop deformation and break-up. The phenomena are highlighted in Chapter 5, which 
also gives the limit o f the electric field strength that is beneficial for enhancing drop- 
drop coalescence in a particular system. As the separators have regions for drop- 
interface coalescence, it is appropriate to look into the behaviour o f the water-oil 
interface under the influence o f an applied electric field, as discussed in Chapter 6, 
where it is also shown that an externally applied electric field is able to enhance drop- 
interface coalescence. Chapter 7 describes the mathematical analysis o f some physical 
systems in consideration, using the adaptive finite element method. It is shown that the 
results from the adaptive finite element method are in good agreement with those given 
by other investigators.
The final objectives o f this research program are to design and develop new 
separation systems, based on the proposed principles from the results o f the 
experimental and computational investigations, for efficient coalescence and capturing 
o f aqueous drops dispersed in a flowing liquid under high electric fields. The design 
and development o f two compact electrocoalescer-separators are described in detail in 
Chapter 8 and in Appendix A (UK Patent Application No: GB 0117023.2). Chapter 9 
gives the overall conclusions for die work done in this research programme and also 
suggestions for future work in this area o f research.
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Chapter 1 -  introduction
Dispersed water drops in organic liquids are commonly encountered in the oil, 
chemical and biochemical industries, the best typical example of which is dispersed 
water drops in crude oil (Sjoblom et al., 1990; Friberg and Jones, 1996; Sjoblom,
2001). A typical water-in-oil system usually has a poly-disperse size characteristic for 
the dispersed drops. In the oil and petroleum industries, the occurrence o f a water-in- 
oil dispersion can take place in a number of locations, with the most common locations 
highlighted in Figure 1.1. Dispersion of water drops in oil usually takes place due to 
the shear in choke valves and the pumping action in the oil well. This is evident in the 
pipeline from the well. Other major locations where a water-in-oil dispersion may be 
found are in the pipeline from the pumping station and in the pipeline from the refinery 
storage.
Refinery
storage Tanker
Tank car
furnace 
(distillation) 91Pipe line 
pumping station
Fractionating
tower
(separation)
Fig. 1.1. A typical process line in the oil and petroleum industries (Guthrie, 1960) 
indicates the main location of occurrence of water-in-oil dispersions
However, the fundamental mechanisms governing the behaviour o f a typical 
water-in-oil dispersion are still not very well understood due to the complex interaction 
among various influencing factors. These factors can be classified into two major 
groups. The first group involves physical factors such as pressure, temperature and 
force interactions due to, for example, van der Waals, Coulombic and steric forces. 
The second group involves chemical effects due to impurities such as surface active 
agents, resins and asphaltenes in the case o f crude oils (Friberg and Jones, 1996). 
Their effects on the dispersion process are difficult to predict without detailed 
experiments (Dickinson, 1994; Hunter, 1995).
Water drops can be removed from a continuous oil phase by various means, 
such as chemical treatment, gravity or centriftigal separation, pH treatment, 
electrocoalescence method, filtration, heating treatment and membrane separation (Eow 
et al., 2001a). The method utilising high electric fields has many advantages in some 
areas o f application compared to the other methods (Eow et al., 2001a; Eow and 
Ghadiri, 2002a). However, most o f the commercially available electrocoalescers are 
huge and bulky due to the lack o f underlying fundamental knowledge governing the 
effects o f high electric fields on drop-drop coalescence, as well as drop-interface 
coalescence (Eow and Ghadiri, 2002a).
Therefore, the general approach adopted in the investigation here, as outlined in 
Figure 1.2, is to look into the effects o f an externally applied electric field on the 
behaviour' o f water or aqueous drops dispersed in a dielectric liquid, with the aim of 
providing a better rmderstanding o f the mechanisms involved in the coalescence of 
water drops in high electric fields, and leading to the design and development of 
efficient electrode systems for the separation of dispersed water drops fi:om a 
continuous viscous oil phase.
Refer-ring to Figure 1.2, it can be seen that the approach is not direct, but is built 
up fi'om the interaction o f various aspects. As shown in Figure 1.2, the overall 
approach is started with two different, but yet interconnected, major literature reviews. 
The first review is on the electrocoalescence technology and methods available 
commercially for the separation o f aqueous drops from a dielectric continuous phase 
under the application o f external electric fields (Eow and Ghadiri, 2002a). This is to
provide an insight into the related problems faced in tlie applications o f these 
electrocoalescers in the chemical, petroleum and other related industries. The second 
review is on the mechanisms for drop-drop and drop-interface coalescence for a 
dispersion o f aqueous drops in a dielectric oil with and without the application o f an 
external electric field (Eow et ah, 2001a). This review is to summarise the current 
fundamental knowledge and understanding available on the behaviour o f a drop in an 
electiic field and also on the effects o f an electiic field in promoting drop-drop 
coalescence and drop-interface coalescence.
From experimental investigations carried out, it is observed Üiat, beyond a 
critical electric field strength, the action o f the electiic field actually becomes 
detrimental to drop-drop coalescence due to drop deformation and break-up (Eow et ah, 
2001b). The knowledge of the magnitude o f the applied electric field leading to drop 
break-up which is drop size dependent is to provide tlie infbimation for a suitable range 
o f electric fields that can be utilised for drop-drop coalescence without drop break-up. 
Moreover, the actual behavioui* o f a drop during defoimation and break-up can be 
utilised effectively to generate a water-in-oil dispersion for crude oil desalting process. 
The orientation o f two drops relative to an externally applied electric field is o f great 
importance in enhancing drop-drop coalescence due to the polarisation o f the two 
drops. The effect o f the orientation o f the drops relative to the applied electric field is 
able to provide a general idea to the design o f an effective electrode geometry. The 
concept o f an optimum electric field strength as well as an optimum frequency for 
pulsed direct current (d.c.) electric fields will also be tested on several types o f  
electrode geometry.
An adaptive finite element method has been used to study various aspects o f  
some physical systems. Examples o f the systems are a charged drop between a 
positively electrical-energised wall and a zero-potential wall, a drop between two 
oppositely charged walls, and two charged drops approaching each other (Eow et ah,
2002). Among tlie important aspects in these systems are the potential distribution and 
the electrically-induced force on the surface o f a sphere. The calculations are to 
provide information on the forces exerted by a drop on another drop and o f a charged 
wall or electrode on a drop.
Some o f the experiments also look into drop-drop coalescence and drop- 
interface coalescence in an applied electric field. The observations show that 
instantaneous and single-staged drop-interface coalescence can occur under a suitably 
high electric field strength. Therefore, this provides an insight into the development o f  
an optimum electrode system. The electrode system should be designed to incorporate 
an aqueous phase layer in order to facilitate drop-interface coalescence (Eow et ah, 
2000; Eow and Ghadiri, 2001). A hydrophilic brass plate is to be tested in order to see 
if  it can retain a layer o f the aqueous phase. All these aspects are likely to contribute to 
the final objective o f promoting drop-drop coalescence. Furthermore, an electrode 
system should then be carefully evaluated in terms o f efficiency, practicality and safety.
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Chapter  2 — Electro-coalescence and electro-separation technology
2.1. Introduction
In many chemical processes, efficient removal of a dispersed aqueous phase 
from a continuous oil phase is highly desirable. Currently, there are several available 
methods, such as chemical démulsification, gravitational or centrifugal settling, pH 
adjustment, filtration, heat treatment, membrane separation and electrostatic 
démulsification (Sun et al., 1998; Lissant, 1983). Each of these methods has its own 
advantages and disadvantages. For example, the use o f chemical demulsifiers can 
modify the water/oil interfacial properties, thus allowing water drops to coalesce more 
easily into larger drops. However, additional problems are encountered in the removal 
of the demulsifiers from the aqueous and oil phases. The pH treatment can be utilised 
to separate oil-in-water dispersions, but it is usually not effective in breaking water-in- 
oil emulsions (Sun et ah, 1998). Centrifugation, an effective separation method for 
some emulsions, has rather high operating and maintenance costs. Heat treatment can 
reduce the viscosity o f the oil, thus allowing any water drop to fall more rapidly 
through the oil phase, and to help in the separation o f any entrained gas in the crude oil. 
However, heat treatment and chemical treatment are rather expensive, and heating 
usually results in high fuel consumption (Clayton, 1954; Guthrie, 1960; Sun et ah, 
1998; Edmondson, 1998).
The slow rate at which liquids may be naturally separated in many water-in-oil 
type dispersions has important consequences in many commercial operations (Tsouris 
et ah, 1998; Taylor, 1996). For example, water-in-oil type emulsions are readily 
formed in the production o f crude oil, causing problems at different stages o f the 
production. Corrosion o f pipes, pumps and other processing equipment, the 
complications due to increased emulsion viscosity resulting from finely dispersed water 
drops in the crude oil and the deactivation o f catalysts by water drops are consequences 
o f the presence o f water (Guthrie, 1960). Fmthermore, the cost o f transporting water 
in pipeline or tanker, and the extra processing equipment required to produce quality 
crude oil add to the production cost (Thompson et ah, 1985). Therefore, there is a
need for removing this emulsified aqueous phase from the oil (Eow and Ghadiri, 
2002a).
External electric fields have been applied extensively to break water-in-oil 
emulsions (Williams, 1989). Historically, the electrical treatment has been established 
since the pioneering work o f Cottrell and Speed (1911) and Cottrell (1911). The patent 
information in this field is largely about methods for dehydr ating crude oils, frequently 
in line with the desalting procedur e (Clayton, 1954). The electrostatic treaters use the 
electric field to enhance drop-drop coalescence in crude oil, improving phase 
separation, although the exact way in which this occurs is not yet clearly understood 
(Eow et al., 2001a). Eow et al. (2001a) provide a comprehensive review o f the 
fundamentals o f the coalescence process.
The application o f electrocoalescence is largely concentrated in the oil and 
petroleum industries where high voltage a.c. fields and, to a lesser extent, d.c. fields are 
used for the separation o f water drops from crude oil (Bailes and Larkai, 1981; 
Waterman, 1965; Bailes, 1992; Bailes and Stitt, 1986; Harpur* et al., 1997; Winslow, 
1977; Urdahl et al., 1996). The conventional electroseparators are huge, as large 
residence times are required for the electrocoalescence regions and settling zones to 
separate the enlarged water drops from the crude oil. However, this could cause 
complications for offshore platforms as platform structures usually have limited space 
(Tsomis et al., 1998; Waterman, 1965; Urdahl et ah, 2001; Thompson et al., 1985). 
This limitation has to be solved during platform planning so that sufficient space can be 
provided for the separation equipment. Therefore, information on crude oil forming 
emulsions (Benayoune et al., 1998; Griddle and Meader, 1955; Fingas, 1995) and 
reliable techniques and methods for emulsion separation are essential for the above 
purposes (Williams, 1989).
Optimisation o f the coalescence process therefore would be able to reduce the 
residence time o f the drops in a given physical system, thereby increasing the 
volumetric throughput and enabling the utilisation of smaller and more economical 
separators. With these in mind, the cunently available methods are reviewed in this 
chapter to see whether they can be beneficially manipulated and improved in order to 
achieve greater separation efficiency and wider application.
2.2. Review of the available electrocoalescence technology
Electrical methods for desalting and dehydrating crude-oil emulsions have been 
tlie subject o f a large number o f patents, relating to both technique and apparatus 
(Urdalil et a l ,  2001; Clayton, 1954). These patents are summarised in the following 
and in Figure 2.1.
Generally, an electrostatic coalescing vessel is made up o f a tank equipped with 
electrodes, at least one o f them is earthed and at least one other electrode is suspended 
by an insulator, to which an electrical potential is applied (MacEdmondson, 1995; 
Urdahl et al,, 2001). However, some specifically-designed electrical systems using 3- 
phase a.c. power have all live grids as electrodes. Several possible mechanisms for 
electrocoalescence o f water drops have been identified (Waterman, 1965), based on the 
attraction o f opposite charges due mainly to polarisation effects, and net charges if  they 
are present. The resultant bigger drops settle more rapidly to the bulk interface. 
Several types o f electric field have been demonstrated to be effective for 
electrocoalescence, such as a.c. (alternating current) fields (Cottrell and Speed, 1911; 
Cottrell, 1911), pulsed a.c. fields (Wolfe, 1944), d.c. (direct current) fields (Siebert and 
Brady, 1919) and pulsed d.c. fields (Bailes, 1995; Bailes and Dowling, 1985). The a.c. 
electric field has been used from 1911 (Cottrell) up to the present time (Inoue, 1996). 
The application o f pulsed d.c. electric field was introduced by Bailes and Larkai (1981).
Emulsions from crude oil and some other emulsions may contain water 
concentrations o f above 20 % (Bailes and Larkai, 1986; Winslow, 1977; Wolfe, 1944; 
Hsu et ah, 1983; Bailes, 1996). Therefore, it is usually difficult to apply electric fields 
using only bare metal electrodes because the large amount o f aqueous drops will cause 
electric short-circuits between the electrodes (Bailes, 1996; Sams et ah, 1996). This 
can be solved by insulating the high voltage or grounded electrode so that those 
conduction passages will only produce a localised decrease o f the electric field strength 
rather than a total collapse o f the field str ength across the whole electrode region (Hsu 
et ah, 1983; Bailes, 1996; Sams et ah, 1996; Edmondson, 1998). However, in this 
case a time-varying electric field is required, to prevent the build-up o f polarisation 
charge at tire emulsion/insulator interface, which reduces the electric field in the 
emulsion.
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Fig. 2.1. Various combinations o f electrical separation technology
where
A1 Cottrell (1911) K3 Wolfe (1944)
A2 Kawasaki (1995) K4 Hsu et at. (1983)
A3 Eddy (1936b) K5 Roberts (1934)
B l Fisher (1931) LI Prestridge and Johnson (1986)
Cl Eddy (1937) M l Sams et al. (1996)
D1 Herbsman (1933) M2 Bailes and Watson (1992)
D2 MoiTell (1931) M3 Bailes etal. (1997)
El Eddy (1932) N1 (MacEdmondson)
FI Bull (1990) N2 (Worthington, 1936)
F2 Woelflin (1937) N3 McKibben (1919a)
F3 McKibben (1919b) 01 Eddy (1931a)
G1 Inoue (1996) PI Edmondson (1998)
G2 Prestridge et al. (1983) P2 Hanson and Eddy (1936)
G3 Robinson (1983) P3 Meredith (1923)
G4 Eddy (1943) Ql Chimenti (1986)G5 HaiTis(1918) Q2 Roberts (1937)
G6 Ferrin and Prestridge (1983) Q3 Adams and Barlow (1937)
HI Eddy (1931b) Q4 Eddy (1936a)
11 Bailes (1996) Q5 Cage (1930)
J1 Sublette (1986) R1 Cottrell and Speed (1911)
J2 Alden and Eddy (1921) R2 Pettefer (1936)
K1 Bailes and Larkai (1986) R3 Worthington (1930)
K2 Winslow (1977) SI Lawrason (1934)
At present, most o f tlie inventions summarised in Figure 2.1 are aimed at 
providing methods and apparatuses for separating the components of an emulsion, 
which can allow improved separation rates to be achieved. There are also inventions 
that combine the effects o f centrifugal force and electrostatic coalescence o f water 
drops to separate the dispersed water drops from the continuous oil phase without using 
chemical substances (destabilising surfactants) or heat treatment for decreasing the 
viscosity o f the liquid-liquid dispersion system (Sams et aL, 1996; Edmondson, 1998; 
Bailes and Watson, 1992; Bailes et ah, 1997; Hanson and Eddy, 1936; Meredith, 1923). 
The requirement for reducing the viscosity o f the oil can be avoided, by applying 
centrifugal force and electrocoalescence siniultaneously to enhance the separation o f  
water from the viscous oil; c.f. Figuies 2.2 and 2.3. In Figure 2.2, an aqueous 
electrolyte-oil emulsion is introduced into a rotating cylinder using plastic tubes and a 
distributor, removing the aqueous phase from the periphery o f the cylinder, and the 
organic phase fi*om the adjacent tubes. The emulsion is separated by the application of
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a radial electric field and a centrifugal force at the same time to produce a bulk 
interface peipendicular to the direction o f the applied electric field and tlie centrifugal 
force (Bailes and Watson, 1992).
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organic phase
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EMULSION/DISPERSION
L Outlet for aqueous phase
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directed
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Inlet assembly, consisting 
of two circular tubes 
arranged concentrically
Electrolyte
solution
A cylindrical 
vessel (rotating)
Distiibutor
cap
Fig. 2.2. Apparatus for electrostatic and centrifugal separation of 
liquid dispersions (Bailes and Watson, 1992)
The electric field is applied to cause the coalescence and enlargement o f the 
dispersed aqueous drops to a sufficient size for the centrifugal force to separate the 
drops. Centrifugal forces can also be applied to separate the heavier fluid from less 
dense fluids in a mixtme. Basically the dispersion is tangentially injected into a 
cylindrical-walled separator to enable the dispersion to flow circumferentially in the 
separator (Sams et al., 1996). In this manner, the water drops are caused to migrate 
towards the cylindrical wall o f the separator. The high voltage electi'ode is positioned 
axially in the centre o f the separator (Sams et al., 1996; Bailes and Watson, 1992).
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Due to centrifugal action, tlie oil around the electrode has a much lower water content. 
Tliis allows the use o f thinner insulating material, and reduces the electric field drop 
across the insulation. In certain applications, it has been proposed that the centrifugal 
forces can be utilised to eliminate the need for electrode insulation (Sams et a l ,  1996). 
In this geometry, the electric field is non-uniform (radially divergent) and could cause 
drop break-up and/or migration, the latter due to dielectrophoresis. The centrifugal 
action, however, quickly separates the water drops in the high electiic field region, thus 
avoiding the above detrimental effects. However, high centrifugal motion can stabilise 
the emulsion by shearing and turbulent mixing (Bailes and Watson, 1992).
/
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I Ground 
reference
Vessel wall 
Distributor
Inlet
Fig. 2.3. Parallel-flow EPIC configuration (Bailes et al., 1997)
Figme 2.1 also shows the combination of electrical treatment with heating, 
which can be further subdivided into two categories: entrained gas involvement with 
gravitation (Bull, 1990; Woelflin, 1937; McKibben, 1919b), and mechanical separation 
(Sublette, 1986). A device, patented by Bull (1990) and termed a “treater”, separates
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electrostatically and/or mechanically an emulsion flowing tlnough a horizontal metal 
vessel. A  significant number o f the aqueous drops are charged by contact-charging as 
the mixture flows through the multi-electrode system. Convective charge transfer by 
the oil has also been suggested as a possible mechanism here (McKibben, 1919b). The 
charged drops then flow through a coalescing device consisting o f inclined tubes 
arranged in a bundle. The tubes provide resistance to the emulsion flow so that contact 
between the aqueous drops and the internal walls o f the tubes is enhanced. Attached to 
the tube walls, the aqueous drops will lose their charges and accumulate to form an 
aqueous bulk phase at the bottom of the tubes.
For heating, usually an electrical conductor o f relatively high resistance, in the 
form of a coil, is submerged directly in the emulsion (McKibben, 1919b). The mixture 
is heated up to about 200°C, converting the water drops into steam. A part o f the oil is 
also transformed into vapour in this process, but this is condensed at a later stage. 
Heating also reduces the viscosity o f the oil, thus facilitating the rising and escape o f  
the water vapom\
For mechanical separation, Sublette (1986) utilised a mechanical coalescence 
medium, for example an inclined surface separator, after a system o f charged 
electrodes, the latter shown in Figure 2.4. The collection surfaces are inclined to 
enable the accumulated aqueous dr ops to move along the surface and to encounter other 
drops. Coalescence o f the drops then occurs, producing larger drops which leave the 
surface.
The combination o f chemical and electrical treatment can be further divided into 
three types: phase inversion (Fisher, 1931), gravitational settling (Herbsman, 1933; 
Morrell, 1931), and secondary electrical treatment (Eddy, 1931b), as shown in Figure
2.1. While various theories regarding the effect of chemicals on the resolution of 
petroleum emulsions have been proposed, the most general theory is that the 
coalescence o f the dispersed drops in the emulsion results not from any chemical 
reaction but from some physical effects o f the added chemical compoimds, which 
change the interfacial properties o f the two phases, tlius facilitating drop-drop 
coalescence (Herbsman, 1933). Chemical compounds which have been found most 
effective ar*e those that produce free chlorine radicals, such as chlorinated oils.
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chlorocosane, chloramine, toluene and hydrochlorites (Herbsman, 1933). However, 
Herbsman (1933) did not give any explanation for using these chemicals.
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Fig. 2.4. A horizontally elongated vessel having an electrode system and a 
mechanical inclined surface separator (Sublette, 1986)
Some methods also utilise filtration in combination with electrical treatment 
(Cottrell, 1911; Kawasaki, 1995; Eddy, 1936b). For example, Cottrell (1911) applied a 
thorough initial wetting o f a filter septum with a liquid that is miscible with the 
dispersed liquid phase, therefore producing a continuous channel for the drainage o f the 
dispersed liquid phase through the wetted septum. This septum formed a part o f an 
electrode system connected to an alternating current high voltage to cause coalescence 
of the dispersed drops, thus separating the two liquids from each otlier.
As shown in Figure 2.1, there is also a method using reduced pressure in 
combination with the electrical treatment (Éddy, 1932; 1937). The method o f de- 
emulsification at a pressure below atmospheric produces a much quicker separation 
(Eddy, 1932). The aqueous drops contain entrapped gas, which expands rapidly when 
subjected to low pressure. Wlien the emulsion is subjected to the influence o f an 
electric field, a much more rapid coalescence action is obtained under low pressure,
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although the reasons are not cleaiiy understood. Sometimes the application o f low  
pressure is accompanied by heating for which further enliancement o f coalescence and 
separation has been reported (Eddy, 1932). It is claimed that under these conditions, 
the oil expands more than water, thus increasing the difference in specific gravity 
between them, and this will greatly accelerate the separating action (Eddy, 1932).
The combination o f mixing and electrical treatment can be subdivided into 
several categories; gas phase involvement (Bailes, 1996), electric field strength 
modulation (Prestridge and Johnson, 1986), coalescence (Eddy, 1931a), spraying 
system (Cottrell and Speed, 1911; Pettefer, 1936; Worthington, 1930) and vibration 
(Lawrason, 1934). Generally, mixing is used to prevent the formation o f short- 
circuiting chains o f water drops, or to break up such existing chains. In the method o f  
Cottrell and Speed (1911), for example, the emulsion enters the electrical separation 
apparatus as streams impinging on the upper surface of tlie liquid in the apparatus, 
causing a stirring o f the surface and a thorough mixing o f the in-flowing emulsion. 
The emulsion then flows downward between the electrodes.
For the electrical treatment alone, there are several variations as indicated in 
Figure 2.1. Firstly, there is uniform flow with parallel electrodes, as well as non- 
uniform flow due to diverging and/or converging streams (Chimenti, 1986; Roberts, 
1937; Adams and Barlow, 1937; Eddy, 1936a; Cage, 1930). The system o f parallel 
electrodes can be further divided into systems with coated electrodes, (Bailes and 
Larkai, 1986; Winslow, 1977; Wolfe, 1944; Hsu et ah, 1983; Roberts, 1934), systems 
with a combination o f coalescence and secondary electrical treatment (Inoue, 1996; 
Prestridge et al., 1983; Robinson, 1983; Eddy, 1943; HarTis, 1918) and systems with a 
combination o f high inertia and gravitational forces (MacEdmondson, 1995; 
Worthington, 1936; McKibben, 1919a). The secondary electrical treatment here refers 
to a second set o f electrodes which are usually located at the exit o f a vessel.
For the system with coated electrodes, the electrodes have an insulating material 
having a typical dielectric constant o f about 3 and a hydrophobic surface contacting the 
emulsion (Hsu et ah, 1983). However, under the conditions o f low electric field when 
the coalescence is not efficient, the precipitated aqueous phase may form a layer o f 
viscous, sponge-like emulsion, containing a small percentage o f the surfactant-
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containing oil phase, hence reducing the separation quality, as the aqueous phase may 
contain a small quantity o f oil (Hsu et a l,  1983). Under high voltages, Hsu et al,
(1983) observed that the formation of spongy emulsion and decomposition o f the oil 
phase are minimised.
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Fig. 2.5. Schematic diagram of the continuous coalescing apparatus (Hsu et al., 1983)
The laboratory-scale electrostatic coalesce!* used by Hsu et al. (1983), as shown 
in Figure 2.5, has an interesting configuration. The coalesced aqueous phase at the 
bottom of tlie coalescer is electrically grounded to form an electrode. The high voltage 
electrode comprises a piece o f Pyrex tubing, bent into a shape as shown in Figuie 2.5, 
or bent into a grid shape. The horizontal portion of the tube is filled with an 
electrolytic solution to transmit high voltage from a flexible conductor connected to an 
external high voltage supply. The vertical stems of the tube are filled with transformer 
oil. The external suiface o f the glass tube is coated with a very thin layer o f  
fluorinated ethylene-co-propylene to reduce the water wettability of the surface. The 
grounded electrode is essentially a flat stainless steel wire mesh. An a.c. electric field,
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with frequency 60 to 1000 Hz is applied. Hsu et al. (1983) claim that the coalescer 
with its specific set-up is effective for breaking relatively stable synthetic emulsions in 
liquid-liquid extraction processes. The maximum coalescence rate is shown to be a 
function o f tire applied potential, tire position of the feed inlet, and the separation 
distance between the insulated electrode and the oil-water interface level in the 
coalescer (Hsu et al., 1983), with an optimum separation distance to minimise the 
accumulation of a sponge emulsion.
2.3. Factors affecting electrocoalescence
The main objective of an electmcoalescer is to promote and enhance the 
coalescence rate o f water drops in a water-in-oil emulsion so that these drops can grow 
to a certain size in order to be separated from the continuous phase by gravitational or 
centrifugal methods (Eow et al., 2001a; Eow and Ghadiri, 2002a). Several important 
featmes o f a typical electrocoalescer ar e therefore critically discussed below.
2.3.1. Electric field
An electric field can only be used to increase the coalescence rate o f a dispersed 
phase in an emulsion when the continuous phase has a much lower permittivity than the 
dispersed phase (Cottrell and Speed, 1911; Cottrell, 1911; Bailes and Watson, 1992; 
McKibben, 1919b; Harris, 1918). At the same time, the continuous phase should have 
a low conductivity and act as an insulator between the two electrodes.
The means o f applying a high electric field includes at least a pair o f electrodes, 
one at a relatively high voltage, and the other at a much lower voltage (preferably 
earthed). In addition, this high voltage may be pulsed (Bailes and Larkai, 1986; Bailes, 
1996; Sams et al., 1996; Edmondson, 1998; Bailes and Watson, 1992). Alternating 
current, direct cunent, pulsed direct current and/or combinations o f them are being 
utilised in the separ ation o f water-in-crude oil dispersions or emulsions (Taylor, 1996). 
Each electric field type acts according to different mechanisms in enhancing phase 
separation by drop-drop coalescence (Waterman, 1965; Galvin, 1984). The a.c. field 
has predominantly a polarising effect, whilst some electrophoretic effects may also be 
present for the d.c. field. As mentioned earlier, under a pulsating electric field, chains 
of dr ops can be observed during tire periods of high voltage followed by coalescence 
during the periods in which the voltage is reduced. However, according to Williams
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(2002), even though the applied voltage may be zero, there can still be a strong electric 
field in the emulsion, and drop-drop coalescence is more likely to occur when the 
electric field strength in the emulsion is high. A feature to consider in choosing the 
right type o f electric field is the volume content of the dispersed phase (i.e. water) as it 
is electrically conductive and may result in short-circuiting o f the system (Prestridge 
and Johnson, 1986). a.c. electric fields are usually utilised when dealing witli crude 
oils. However, when the continuous phase is a distillate and the dispersed phase is an 
acid or caustic, a combination o f a.c.-d.c. electric fields is usually employed to avoid 
short-circuiting (Winslow, 1977). In d.c. treatment, the aqueous content is generally 
quite small.
The polarisation phenomenon induced by the electric field produces dipole- 
dipole forces. These forces are' effective over short separation distances, and 
significantly enhance drop-drop coalescence (Waterman, 1965; Williams, 1989). The 
drop-drop collision rate is further increased by the hydrodynamic flow and mixing of  
the emulsion (Chesters, 1991). Enlarged drops will then separate out fiom the 
continuous oil phase under gr avitational action.
Normally an a.c. electric field is used in the case o f uninsulated electrodes in a 
water-in-oil emulsion having a relatively high dispersed aqueous phase content (Galvin, 
1984). The a.c. field has some teclmical advantages. For example, the danger of 
electrolytic corrosion can be eliminated (Cottrell and Speed, 1911; Cottrell, 1911). 
Typical applied values o f the a.c. electric field strength vary according to the water 
content o f the emulsion and the overall system arrangement; Alden and Eddy (1921) 
used field strengths between 60 and 180 kV/m.
The direct current (d.c.) electric field is able to produce rapid electrophoretic 
movement o f water drops. The water drops may be char ged initially by direct contact 
charging with the electrodes (Williams, 1989; Winslow, 1977; Siebert and Brady, 
1919). The increased rate o f drop-drop collision is then caused by the drops moving 
rapidly between the electrodes. As a result, the rate of drop-drop coalescence beconies 
more significant. The drops can also form an aqueous layer on the electrode surfaces, 
d.c. electric fields have been applied with distillates and condensates which are
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relatively non-conductive. However, the d.c. electric field is generally less commonly 
used than the a.c. and pulsed d.c. fields.
Together with the a.c. electric field, the pulsed d.c. electric field has been 
utilised extensively since 1986. Pulsating d.c. electric fields have been receiving a lot 
of attention lately, especially when utilised together with coated electrodes (Bailes and 
Larkai, 1986; Bailes, 1996; Edmondson, 1998). Like the a.c. electric field separation 
methods, pulsed d.c. systems also involve induced dipoles on the water drops, leading 
to attraction and coalescence between the adjacent drops. An optimum frequency for 
the optimum coalescence rate has been reported in a given physical system (Bailes, 
1996; Sams et al., 1996; Bailes and Watson, 1992), presumably due to differences in 
electrical and mechanical relaxation processes.
Pulsed d.c. fields with insulated electrodes have been developed for emulsions 
with a high dispersed aqueous phase content (Bailes and Larkai, 1986; Bailes, 1996; 
Bailes et al., 1997). Without any electrode insulation, the high dispersed aqueous 
phase content can lead to short-circuiting o f the electrodes. Typical values o f the 
applied pulsed d.c. electric field strength also vary depending on the water content of 
the emulsion and the overall system arrangement; Bailes and Larkai (1986) applied a 
d.c. field o f 110 kV/m pulsed at less than 1 Hz.
With some electrode geometries (such as parallel plates), the electric field is 
reasonably uniform. However, this may not be the case with other electrode 
geometries, which can have consequences such as drop break-up in the high field 
regions and also drop migration (dielectrophoresis) in the non-uniform field. 
According to Williams and Bailey (1986), if  the electric field strength becomes too 
high, various drop break-up mechanisms are likely to become operative, resulting in re- 
emulsification. The onset o f instability is reached when the interfacial tension effect is 
overcome by the electric-induced interfacial stress (Williams and Bailey, 1986; 
Williams, 1989). The latter depends on the way the drops are being charged.
Several design challenges are encountered in the industrial application o f pulsed 
d.c. fields (Godfrey and Slater, 1994). Firstly, either a vertical or a horizontal set-up 
has to be chosen, depending upon whether the objective is to operate as a coalescer or
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as a separator. A  separator is more suited to horizontal operation as it requires a large 
bulk interface area for drop-interface coalescence (Bailes et ah, 1997). In a coalescer, 
drop-interface coalescence is usually less important than drop-drop coalescence. 
Therefore a vertical flow coalescer can equally accomplish the task, with having the 
additional advantage o f a smaller footprint (Bailes et al., 1997).
2.3.2. Frequency
Brown and Hanson (1965) observed an optimum frequency at which 
coalescence occurs more readily, and further suggested that mechanical vibrations and 
cavitation within the drop also influence film rupture and coalescence. More recently, 
the existence o f an optimum frequency has also been reported by Bailes and Larkai 
(1981; 1982; 1995). The choice o f an optimum frequency may therefore be important, 
especially at low applied potentials and depends on the insulation material and its 
thickness, and the composition o f the liquid dispersion. However, it is unclear* whether 
the existence o f an optimum frequency is due to the limitation o f the power supply 
circuit or the electromechanical relaxation o f the dispersion.
Without electrode insulation, the optimum frequency is more dependent on the 
electrical properties o f the continuous liquid phase. In the case o f pulsed d.c. field, 
besides the optimum pulse frequency, the ratio o f the duration of high voltage period, 
‘time on’ to no field period, ‘time o f f  should also be taken into consideration. The 
best condition found for effective coalescence is that the ‘time-on’ should be equal to 
the ‘tim e-off (Bailes and Larkai, 1982; Bailes et al., 1997). Nevertheless, Galvin
(1984) suggested that the voltage rise and fall time constants o f the power supply 
circuit were more important. The rise-time constant is controlled by the capacitance o f  
the electrocoalescer and the electrical resistance o f the electrical circuit. The 
coalescence performance improves as the applied electric field strength is increased, 
resulting fr om the increase in the forces inducing diop-drop coalescence.
The effective magnitude o f the applied frequency depends greatly on tlie type o f  
electric field, as well as on the aiTangement of the electrodes. For a.c. electric fields, 
Roberts (1934) used a frequency between 60 and 10,000 Hz, while Hsu et al. (1983) 
applied an a.c. field having a fr equency o f about 60 to 1000 Hz between the insulated 
electrode and the earthed aqueous layer at the bottom of the coalescing zone. The
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frequency o f 10,000 Hz suggested by Roberts (1934) is very high for work at high 
voltage but he did not specify the magnitude of the electric field used. However, a 
much lower frequency is usually used with pulsed d.c. electric fields; Bailes and Larkai 
(1986) applied an electric field pulsed at a frequency smaller than 1 Hz; Bailes and 
Watson (1992) used a pulse rate o f 25 Hz in a rotating cylindrical coalescer, wliilst 
Bailes (1996) employed an optimum frequency o f 15 Hz in a gas bubble-insulated 
electrode system. Therefore, there seems to be no common value o f optimum applied 
frequency for all the systems.
2.3.3, Electrode
Generally, two main designs of coalescer are common (Hauertmann et a l ,  
1989); cellular* units which may consist o f coated or uncoated electrodes and either 
internal or external settlers, and tank units with bare electrodes in which coalescence 
and settling take place simultaneously, as commonly used in the oil industry. Cellular 
systems are more often found in solvent and liquid membrane extractions.
The char acteristics and geometry o f an electrode (generally cylindrical or plate) 
deter*mine the performance o f the electrostatic coalescer.. The type o f electric field and 
the emulsion will influence the choice of the above features.
The maximum distance between the electrodes is limited by electrode edge 
effects (i.e. fringing fields) and the potential that must be applied to create a sufficiently 
high electric field strength (McKibben, 1919b; Cage, 1930; Harris, 1918; McKibben, 
1919a). In the former, as the electrode spacing is increased, fringing electric field 
becomes more significant. In the latter, transformer design and electrical circuitry ar e 
influential (Winslow, 1977; Prestridge et a l ,  1983; Ferrin and Prestridge, 1983). The 
electrodes are commonly arranged as either closely-spaced long electrodes or widely- 
separated short electrodes (Bailes et a l,  1997).
The choice o f electrode geometry is another aspect that should be considered 
(Bailes et a l ,  1997). Safety and practical considerations usually dictate the design o f a 
coalescer to be a cylindrical pressure vessel when the emulsion is at high pressure 
(Sams et a l ,  1996) and temperature (Bull, 1990). A cylindrical electrode mounted co­
l l
axially in a vertical coalescer turns out to be a simple yet effective arrangement (Eddy, 
1936a; Bailes et ah, 1997).
In applications o f  d.c. electiofining, bai*e electrodes are usually arranged 
vertically, allowing drop growth and sedimentation to take place within the space 
between the electrodes (Taylor, 1996). Some a.c. coalescers contain metal grid 
electrodes positioned horizontally, thus allowing water drops to pass through the 
electrodes. A multiple electrode arrangement is usually used here with varying electric 
field strength. Initial stages use the highest electric field strength to cause most rapid 
coalescence, whilst later stages have lower field strength to reduce water drop break-up 
and short-circuiting due to the presence o f large drops. Generally, an uninsulated or 
bare electrode may be used efficiently when the content o f the dispersed phase is less 
than or about 15 % o f tlie emulsion (Sams et ah, 1996). Above this limit, short 
circuiting may occur (Bailes, 1996; Hanson and Eddy, 1936; Harris, 1918; McKibben, 
1919a). Nevertheless, if  the applied voltage is high, the maximum water cut should be 
lower (e.g. a few percents) but emulsion stability is also important. However, in some 
operations, the use of the centrifugal force may eliminate the need for an insulated 
electrode (Cottrell and Speed, 1911; Sams etal., 1996; Edmondson, 1998).
For bare electrodes, the high water content tends to over-stress the electrical 
equipment due to the development o f direct conductive passages between the 
electrodes. Short-circuiting and the collapse of the electric field will certainly remove 
the coalescing force. On the other hand, an insulated electrode will significantly 
reduce the electric potential at the electrode emulsion interface (Wolfe, 1944; Galvin, 
1984). One possible solution to this problem is the combination of an insulated 
electrode and a pulsed d.c. electric field or a.c. electiic field, with some voltage drop. 
Examples o f insulating materials are ABS plastics, TUFNOL (Bailes and Watson, 
1992) and PTFE (Bailes and Stitt, 1986), and various inorganic and organic materials 
such as ceramics, glass, quartz, refractory metal oxides, mbber and plastic which have 
dielectric constants o f about 4 (Hsu et al., 1983).
The insulation material should also have a large enough electrical breakdown 
strength to withstand the potentials applied (Hsu et al., 1983). Hydrophobicity may be 
inherent in the insulation material or it can be produced by coating the insulation
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surface with a suitable substance having a specific fiee surface energy below 40 
(Hsu et aL, 1983). Surfaces may also be covered with silanes which will result in 
surfaces having a specific free surface energy o f about 35 mJ/m  ^ (Hsu et al., 1983). 
The hydrophobic surface modification of the electrode insulation can be very thin 
typically o f molecular length, such as alkoxysilane-coated glass. An electrode system 
can be designed to have a number of coated elements forming the electrode insulation 
for treating an aqueous-rich dispersion and a number o f uncoated electrodes for an 
aqueous-lean dispersion (Bailes et al., 1997). This electrode system has been found to 
allow aqueous contents in organic oil phase outlet stream and organic contents in the 
aqueous phase outlet stream to be greatly reduced compared to those obtained with the 
fully coated electrodes.
Another example o f an insulated system is the use o f gas bubbles (Bailes, 1996), 
which are injected into an emulsion whilst the emulsion is under the influence o f an 
applied electrostatic field. The electrodes are vertical in this case, and the swarm of 
gas bubbles shields the high voltage electrode, reducing short-circuiting. Drop-drop 
coalescence in the oil continuous phase is then enhanced (Bailes, 1996). The gas 
bubbles also seem to form channels through the emulsion, which assist in providing 
pathways through which the coalesced drops can move rapidly towards the bulk 
interfaces, therefore improving the rate o f drop settling from the dispersion (Bailes,
1996). The gas bubbles also provide mixing, therefore improving both the rate o f  
drop-drop coalescence. However the ratio of the inert gas to liquid flow rates is very 
large and residence time o f the emulsion is long.
2.4. Current and potential industrial applications
Many industries nowadays employ the electrostatic coalescence teclinology, not 
just to enhance the separation o f emulsions o f the water-in-oil type, but also to operate 
in a more environmental-friendly way (e.g. less usage o f chemicals and less heating). 
A number o f cunent examples o f the application of this technology in industries are 
described in the following.
The Electro-Pulsed Inductive Coalescer (EPIC), designed in accordance with 
electiostatic coalescing principles, uses a pulsed d.c. electric field between an insulated 
central electrode and the earthed metal wall o f the coalescer (Bailes et ah, 1997). The
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dispersion, introduced through a tangentially offset inlet nozzle (shown in Figure 2.3), 
flows upward and spirals around the insulated electrode while under a high-voltage d.c. 
field. The dispersion receives continuous electric pulses, promoting drop-drop 
coalescence, resulting in increased drop size distribution in the outlet dispersion. The 
performance o f EPIC also depends on the properties o f the dispersion (Bailes et al.,
1997).
The Axsia companies, comprising Axsia FSC, Axsia Serck Baker and Axsia 
Howmar design and supply electrostatic crude oil dehydration and desalting systems for 
refinery and oilfield operations together with two and three phase separators 
(Armstrong, 2000). They also have desalter/dehydrator units on board o f ocean-going 
vessels (c.f. Figure 2.6), designed to treat crude oil offshore.
■
Fig. 2.6. Axsia Howmar currently has about 400 crude oil desalter/dehydrator
units treating in excess o f 15 million bpd world wide (Armstrong, 2000).
This mobile system is o f  great advantage because it can treat crude oil at 
petroleum drilling platforms offshore. All Axsia electrostatic coalescers operating
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offshore use a.c. electiic field teclinology, with applications for unit capacities up to 
350,000 barrel per day (bpd) referring to the range of Axsia desalters supplied world­
wide. Typical units used offshore are however less than 100,000 bpd. The ‘TriVolf 
unit desalter o f Axsia Howmar consists o f three paiallel horizontal electrode grids 
within the vessel (Armstrong, 2000).
A major potential application o f the electrocoalescence technology is in the 
edible oil production industry. An example of this is the palm oil processing 
technology. Conventionally, palm oil can be extiacted from treated palm oil fruits and 
kernel by three different methods, giving rise to different water contents (UNIDO, 
1974; Thiagai'ajan, 1992; Al-Zuhair, 1999), The conventional items o f equipment used 
to sepaiate water from oil are decanters, centrifuges, gravity separators and vacuum 
diyers. These items o f equipment generally have a large residence time and are 
consequently o f considerable dimensions and weight.
Figure 2.7 is a schematic diagram showing die various steps involved in the 
production o f palm oil. In digestion, the palm oil fruits are treated with saturated 
steam to soften the fruits and to facilitate the separation of the fibres from the nuts. 
Before the screening process, hot dilution water is added to the crude palm oil from the 
pressing unit. This is to reduce the viscosity of the crude oil and to facilitate the 
separation o f the solid materials. In the screening process, coarse solid particles are 
filtered out. The liquid stream from the screening process usually contains aqueous 
drops dispersed in crude oil. - Therefore, there is a possibility o f employing the 
electrocoalescence method to separate the aqueous drops fr om the crude palm oil.
The water content affects the quality o f  the oil as fatty acids can easily form in 
the oil phase. The separators used here have many disadvantages: they are mechanical, 
giving a high probability o f breakdown. Furthermore, centrifuges are expensive and 
other devices are very bulky. Moreover, if  the oil is not purified and de-watered 
properly, micro-organisms will survive in the ‘dirt’ and moisture, producing enzymes 
and free fatty acids. Thus the content o f water in the oil can significantly influence the 
quality o f the oil. The level o f water content in the oil is usually used as a quality 
par ameter. The water content depends on several factors: (a) the efficiency o f the de­
watering process in the processing plant, (b) the solubility of water in the oil increases
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  .’*.......••• shows the potential application of the electrocoalescence method.
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witli the presence o f free fatty acids, especially during storage, and (c) the solubility of  
water in the oil is also affected by the temperature, i.e. increasing with temperature. 
Therefore, the de-watering process is very crucial here, and new efficient technology 
has to be considered, especially that able to process the oil at a much lower temperature 
without affecting the overall quality. Figure 2.7 also shows the potential specific areas 
for this application. The use o f electrocoalescers is an attractive alternative for this 
application.
2.5. Conclusions from the electrocoalescence technology review
The electrostatic coalescer has proved to be an efficient means o f separating 
water-in-oil type emulsions. Better understanding o f the mechanisms o f drop-drop 
electrocoalescence, as well as scientific and engineering design, should lead to the 
enliancement and development o f new types of electrocoalescer. Almost all the 
electrocoalescers in the oil and petroleum industries use a.c. electric fields for the 
separation o f water-in-oil emulsions. However, some research work reported in the 
literature indicates some promising perfoimance for pulsed d.c. electric fields. The 
existence o f an optimum electric field strength and frequency has been reported, but it 
has not been widely confirmed. However, it may be intuitively expected that 
differences in the mechanical and electrical relaxation times o f the drops could give rise 
to the existence o f an optimum voltage and frequency. Fuither research is needed to 
elucidate this issue.
Recent work shows that, under a pulsed d.c. electric field, chains o f water drops 
are usually created during periods o f high voltage, followed by rapid coalescence 
during periods o f reduced or no voltage. Therefore, a fuither improvement in the 
electrostatic coalescence technology with respect to the applied electiic field may be 
achieved by operating the coalescer at an optimum voltage and fiequency with 
reference to the condition o f the emulsion, as well as the design o f the coalescer itself to 
give the best electric field configur ation.
In a water-in-oil emulsion with a high content of dispersed water, insulating the 
electrode may be necessary. This is because the high water content tends to produce
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over-stressing o f the electrical coalescer and power supply due to a direct conductive 
path between the electrodes.
A further enhancement can be achieved when the electrostatic coalescer is 
coupled with a centrifugal force or when employing a multi-stage separator. 
Moreover, various combinations for emulsion separation have also been utilised. 
Besides centrifugal force, heating has also been used with electrical treatment. It has 
been shown that chemical addition would further enhance electrocoalescence o f water 
drops in oil emulsions. Other methods tliat can be combined with electrical treatment 
are filtration, reduced pressure application and mixing, which enhance the separation 
efficiency in various ways.
The literature review showed that most o f the equipment in the market is big 
and bulky, having a large inventory o f emulsion in the vessel. Therefore, it would be 
of interest to develop a small portable device, incorporating features such as an 
optimum applied electric field strength combined with centrifugal force, to further 
enhance the separation o f water drops present in a water-in-oil emulsion. It should 
also be possible to install such a device into an existing pipeline without major 
modifications. Otherwise, disruption for a significant period o f time reduces 
productivity.
In summary, there is a wide scope for developing and inventing new devices for 
separating dispersed aqueous solutions from oil. This requires an understanding o f the 
fundamental electrocoalescence mechanisms, and of the effects o f the electrode design, 
the dispersion flow direction witli respect to the applied electric field, the types of 
dispersion and the electric field configuration. In their broader applicability, these new 
developments and challenges mean that negative impacts to the environment could be 
significantly reduced, and savings in terms of energy, man-power and time could be 
greatly enhanced. Moreover, the electrocoalescence technology has potential 
applications in other industries such as edible oil treatment and bioprocesses (such as in 
surfactant liquid membranes and liquid-liquid extraction).
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Chapter 3 -  Current understanding of electrocoalescence of water 
drops in oil
3.1. Introduction
As described in Chapter 2, a number of techniques are available for enhancing 
the separation o f water-in-oil emulsions, such as the use o f chemical demulsifiers 
(Mohammed et aL, 1994; Bhardwaj and Hartland, 1994), pH and heat treatments 
(Lissant, 1983), gravity or centrifugal separation (Sun et a/., 1999), filtration (Lissant, 
1983), and electrostatic démulsification (Goto et a l,  1989; Mohammed et a l,  1993a). 
In terms o f energy efficiency, electrical démulsification can be regarded as one o f the 
best methods (Lee et aL, 2001; Goto et al., 1989).
Phase separation methods utilising high electiostatic fields have been applied in 
the oil industry for separating water-in-crude oil dispersions by applying a high electric 
field to the flowing emulsion to effect flocculation and coalescence o f dispersed water 
drops (Cottrell and Speed, 1911; Cottrell, 1911; Godfrey and Slater, 1994). Bailes and 
Larkai (1981; 1982) applied the method of electrostatic separation to promote phase 
separation o f aqueous drops from an organic liquid phase in solvent extraction process. 
Some coalescence can take place due to Brownian motion and differential 
sedimentation, but these are insignificant compared to electrocoalescence (Williams 
and Bailey, 1986). Generally, an ineversible breaking of an emulsion can occur in an 
electric field due to the coalescence o f drops (Fordedal et a l ,  1996). In low electric 
fields, however, water drops form a chain-like arrangement, though the electric field 
strength is not sufficient to induce coalescence. When the field is switched off, the 
drops return to a random state (Pearce, 1954; Sun et a i,  1998; Brandenberger et al., 
1999).
The concepts here are believed to be the interaction between the aqueous drops 
and the externally applied electrostatic field, resulting in drop polaiisation/charging and 
agglomeration, and eventually coalescence. Generally, external applied electric fields 
can cause the coalescence o f  aqueous drops at an aqueous/oil interface, and di’op-drop 
coalescence o f aqueous drops in a dielectric fluid. When two aqueous drops move 
towai'ds each other, in the final stages of coalescence their nearby surfaces are
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separated by a very thin layer o f oil that determines emulsion stability. Thus, 
démulsification requires breaking o f this interfacial film (Bhai’dwaj and Hartland, 
1994). Generally, the main piuposes o f an applied electiical field are to induce contact 
between the drops, to help in drop-drop coalescence, and to enhance drop-interface 
coalescence. Water-in-oil emulsion stability can be assessed by several techniques 
such as the ‘bottle test’, turbidity measurements (Frenkel et al., 1982), time domain 
dielectric spectroscopy (Fordedal et al., 1996; Ese et al., 1997) and the Differential 
Scanning Calorimetry (DSC) technique (Dalmazzone and Seris, 1998). Stability o f  
water-in-oil emulsions in high electric fields can be investigated by the time-domain 
dielectric spectioscopy (TDS) technique (Fordedal et al., 1996; Ese et al., 1997).
Attempts to utilise this electrocoalescence technology directly in other liquid 
phase separations such as solvent extraction, where the proportion o f the aqueous phase 
is usually much higher (Godfrey and Slater, 1994; Figueroa and Wagner, 1997), have 
been hampered by bridging o f the electrodes by the more conductive aqueous drops. 
The efficiency o f an electrical process is usually related to power consumption (Lee et 
al., 2001; Taylor, 1996). The main factors influencing the consumption of power are 
the conductivity o f the organic phase and bridging of the electrodes. A very small 
amount o f cunent would be drawn for a completely insulating oil. Thus, the power 
consumed by electrocoalescers is usually small in comparison with other production 
processes (e.g. heating the oil).
There have been a number o f developments in the investigation o f the 
fundamental principles and governing factors o f drop-drop electrocoalescence, with 
most attention being directed to the design o f new coalescers (Eow et al., 2001a). A  
comprehensive imderstanding and prediction o f the coalescence o f drops in an electric 
field is limited due to the complication o f the electrostatic and hydrodynamic 
interactions, as well as the difficulty in establishing the electrical field strength that is 
actually experienced by the drops.
A greater understanding o f the processes taking place during the water/oil 
emulsion separation in an electric field, especially the actual coalescence process, 
should provide the knowledge for optimum design of the electrode geometry and the 
type of electric field. It can also reduce the residence time in order to minimise the
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size o f the equipment (Williams et ah, 1995). The current imderstanding o f drop-drop 
coalescence and drop-interface coalescence, as well as the various aspects o f the 
electric field itself ar e reviewed here, thus directing us towar ds a greater imderstanding 
of the mechanisms o f electrocoalescence.
Table 3.1 shows details of the past work concerning electrical phase separation 
for water-in-oil type emulsions. Figure 3.1 summarises the mechanisms and factors 
influencing the electrocoalescence efficiency o f aqueous-in-oil dispersions.
3.2. Mechanisms and models of coalescence
The first patent on electrocoalescence was filed by Cottrell and Speed (1911), 
after observing drop-drop coalescence when a high potential difference was applied to a 
pair o f wire electrodes in an aqueous-in-oil emulsion. Chains o f aqueous drops 
extended from one electrode to the other. Drop-drop coalescence then occurred in 
each chain. Almost all types o f high electric field can help to separate water-in-oil 
dispersions to a certain level (Bailes and Larkai, 1984a). The mechanisms for this 
phenomenon are however not yet clearly understood (Isaacs and Chow, 1992) other 
than that tlie electrical-induced forces facilitate drop-drop coalescence in order to attain 
suitable drop sizes rapidly for gravity separation. However, possible mechanisms have 
been proposed for the separation o f emulsion in an applied electric field, as shown in 
Figure 3.1, involving phenomena such as chain formation o f drops, electrophoresis, 
dielectrophoresis, intermolecular bond formation, electrofining, dipole coalescence, and 
random collisions between drops (Bailes and Larkai, 1982; Williams, 1989; Taylor, 
1996; Chene^fl/., 1998).
The dominant mechanisms should depend on factors such as the dispersed phase 
content, electr ode geometry and type o f the applied electric field although these factors 
have not been studied systematically. Two mechanisms for the electrocoalescence o f  
water drops in electric fields, i.e. ‘electrofining’ and dipole-dipole coalescence, have 
been highlighted by Waterman (1965). ‘Electrofining’ covers electrophoresis, dipole 
coalescence, collision of char ged dr ops and collision of different sized dr ops moving in 
the same direction for d.c. electric fields (Waterman, 1965).
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Table 3.1. Electi'oseparation for w/o emulsions (updated from Godfrey and Slater, 1994)
Investigator Type Apparatus Electrode Continuous phase Dispersed phase 
(hold-up, vol. %)
Charles and 
Mason (1960a)
B CV CP; d.c. heptane Water 
(single drop)
Bailes, Larkai 
(1981,1982)
C RD CP; pulse d.c. 
(1,1.5,60 Hz)
Escaidl00-LIX64N H2 SO4
(saturated)
Ino etal. (1983) B CV GT; a.c. Kerosene-Span 80 -  
LIX64N
NaCl aq. sol.
Galvin (1984) C RD CP; pulse d.c, (1- 
10  ^Hz) and d.c.
Mix sol. -  Alamine 
336
Water 
(50 %)
Yamaguchi et 
al. (1985)
C Col. BP; d.c. Kerosene -  Span 80 NaCl aq. sol.
Hsu and Li 
(1985)
C CV CT; a.c. Paraffin -  
Polyamine -  
D2EHPA
FeSO^ aq. sol. 
(33 %)
Kriechbaumer 
and Marr 
(1985)
C RD. CP; a.c. Shellsol -  
ECA4360 -  
LIX64N
CUSO4  aq. sol. 
(14% )
Kataoka and 
Nishiki (1986)
C RD BP; pulse d.c. Kerosene -  Span 80 
-T O A , LIX64N
NaCl aq. sol. 
Others
Mori and 
Eguchi (1986)
B RD CP; a.c. 
(6 0 -1 8 0 0  Hz)
Dodecane -  SP- 
010, ECA4360J
LiOH, HCI aq. 
sol.
Bailes and Stitt 
(1987)
C Col. CT; pulse d.c. 
(4 Hz)
Isopar M NMP 4- ethylene 
glycol (80 %)
Yan et al. 
(1987)
B CV CT; pulse d.c. 
(0.5, 5, 50, 
500 Hz)
Kerosene -  
Polyamine TOA, 
others
NaOH aq. sol. 
(20 %, 70 %)
Kumar et al. 
(1987)
C Col. CT; pulse d.c. 
( 1 -1 0 0  Hz)
Escaid 1 0 0 - 
LIX64N
Cu aq. sol. 
(25 %, 50 %)
Taylor (1988) B Microscopic
cell
GT; a.c. Crude petroleum oil Distilled water 
(5 %)
Hano et al. 
(1988)
C CV CT; a.c. Kerosene -  Span 80 
others
CUSO4  aq. sol., 
others (50 %)
Goto et al. 
(1989)
C TV CP; a.c. Kerosene -  Span 80 
LIX64N, others
CuS0 4 aq. sol. 
others
Hauertmann et 
al. (1989)
C RD CP; a.c. 
(0 .1- 2  kHz)
Kerosene -  Span 80 
D2EHPA, others
H2 SO4  aq. sol.
Taylor (1991) B Cylindrical
microscopic
cell
GT; a.c. Diy, export grade 
Kuwait crude oil
Double-distilled 
water containing 
0 -  0.5 M (4%) 
AnalaR NaCl
Hirato et al. 
(1991)
B TV BP; d.c. kerosene Na2 COa aqueous 
(50 %)
Chen et al. 
(1994)
B Microscopic 
stage cell
BP; a.c. 
( 1 - 5 0  Hz)
Buchan crude oil Water 
( 2 0  %)
Williams et al. 
(1995)
C RD CP; a.c. Gas Oil Water 
(4.5 %)
Taylor (1996) B Microscopic 
stage cell
CP; a.c.(l-300 Hz) 
& pulsed d.c. ( 1  -  
200 Hz)
Jet A l kerosene Water
( 1 0 - 2 0 %)
Figueroa and 
Wagner (1997
B CV CT; a.c. (2000Hz); 
pulsed d.c. (600 Hz)
Guayule resins 
dissolved in xylene
Distilled water 
(2 5 -5 0 % )
Type: B: batch démulsification; C: continuous démulsification. Apparatus: Col.: Column (vertical 
direction); CV: cylindrical vessel (with radial flow); RD: rectangular duct; TV: tubular vessel (horizontal 
direction). Electrode: BP: bare plate; CP: coated plate; CT, coated tube; GT: glass tube; a.c.: alternating 
cunent (at mains frequency, unless stated); d.c.: direct current.
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In an a.c. electric field, Galvin (1984) observed that coalescence occurred 
between pairs o f drops rather than through chain formation o f drops, with the drop-diop 
approach speed increasing with decreasing drop-drop separation, and there did not 
seem to be any film resistance to drop-drop coalescence. Deformation o f the drops 
occuned before coalescence. A rigid sphere model was suggested although the 
coalescing sui'face radius would be smaller than that of the drop (Galvin, 1984). 
According to Galvin (1984), electrophoresis could not be an important mechanism here, 
as coalescing drops preferred to move in opposite directions with similar velocities. 
Gravitational separation o f the enlarged drops then follows, as governed by the Stokes’ 
equation :
02.n
Therefore, from Eq. (3.2.1), it is clear that enhancement in gravitational settling results 
from increasing the drop size, increasing the density difference between the phases and 
reducing the continuous phase viscosity. The density difference and the continuous 
phase viscosity can be conholled by diluents and temperature respectively (Bleier, 
1996), whereas the diop size can be controlled by an applied electric field. It is 
therefore the applied elecüic field that significantly influence the separation efficiency 
of a given system.
Equation (3.2.1) is only valid for a single particle, away from any wall, and 
assumes the non-slip boundary condition. Modification is needed to account for a 
particle near a wall, multiple particle settling (especially if  polydisperse), and 
circulation o f the internal phase if  the particle is a liquid. The Rybczynski-Hadamai'd 
equation (Clift et al., 1978), which predicts 50 % faster settling speeds in some cases, 
accounts for the latter point. However, the non-slip boundary condition may still be 
applicable if  surfactant renders the interface immobile. Nevertheless, the important 
point is that the settling velocity is proportional to the square o f the radius o f a drop 
which shows the great importance o f coalescence prior to phase separ ation.
3.2.1, 3-Stage process/mechanism
The coalescence between aqueous drops in an immiscible liquid phase, or 
between an aqueous drop and its own bulk phase takes place in three stages (Sun et ah.
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1999; 1998; Chen et al., 1998; Man et al., 1997). In the initial stage, the drops 
approach each other and are separated by a film of the continuous oil phase. The 
second stage involves the thinning or dr ainage of this film to reduce the interfacial area. 
The thinning rate is influenced by the capillary pressure and disjoining pressure, and 
the Marangoni effect when there are surfactants (Isaacs and Chow, 1992; Rommel et 
al., 1992). With high shear rate, the film thinning rate is inversely proporfional to the 
square o f drop size (Bhardwaj and Hartland, 1994). When the film reaches a critical 
thickness, any significant disturbance or instability will cause it to rupture, and 
coalescence occurs (Isaacs and Chow, 1992; Friberg and Jones, 1996). Film thiiming 
is often the overall controlling step (Chen et ah, 1998). Rommel et al. (1992) and 
Manev et al. (1976) studied the thinning rate of aqueous foam films, and considered it 
to be influenced by surface diffusion o f soluble surfactants in bulk phases.
3.2.2. Dipole coalescence
For dipole coalescence to take place, drops have to be brought together by 
various ways, such as Brownian motion, flocculation, sedimentation, and 
electrophoresis, with laminar or turbulent flow mixing being generally the most 
important mechanisms when there is fluid flow (Wiliams et ah, 1995; Urdahl et ah, 
2001). The electrostatic force equation for dipole-dipole interaction between two 
similar spherical particles/drops is
^  "  id + 2ry
where 8o is the permittivity o f vacuum, si is the dielectric constant o f the continuous 
phase, d  is the distance between the near' surfaces of the two drops, E is the electric 
field strength and r is the drop radius (Waterman, 1965). Williams and Bailey (1986), 
Bailes and Stitt (1987), and Waterman (1965) considered this force to be the main 
cause o f drop-drop coalescence in a.c. and d.c. electric fields. Eq. (3.2.2) is the same 
as Eq. (4.4) with n  = r, 9 =  0, do = d +  2r and Eo = E  (sign change is because F is 
assumed to be an attractive force). It is worth noting that Eq. (3.2.2) is only a first 
order approximation to the actual force which relies on polarisation effects and is short 
range. It becomes invalid when the drops get closer together than a certain critical 
distance which depends on drop size (Williams, 1989). In this case, higher-order terms 
must be considered. The force expression, which is dielectrophoretic in nature.
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assumes that the drops are uncharged and of equal size. Further, drop deformation, 
which occurs in the presence o f a strong electric field, is ignored.
According to Williams and Bailey (1986), electrostatic coalescence is a 
combination o f dipole coalescence and ‘migratory coalescence’. Dipole coalescence is 
induced by a dielectrophoretic attractive force between two water drops, from their 
polarisation in the electrical field. Migratory coalescence is electr ophoretic and applies 
for charged drops (Williams and Bailey, 1986). A drop may initially possess electric 
double layer charges, as given in
15 (3.2.3a) 
where the double layer thickness, ^ dl (3.2.3b)
^ is the zeta potential o f the drop, Kdif is the coefficient of diffusion and C„, is the 
conductivity o f the continuous medium (Williams and Barley, 1986). Further charging 
can occur, by contacting an electrode (Williams and Bailey, 1986; Williams, 1989) as 
in
.2 ^
Also drops have to retain their charges sufficiently long to move between the 
electrodes in the electric field. The phenomenon of electrophoresis, emerging from 
electrostatic-induced attraction between charged drops and charged electrodes (Pohl, 
1951), moves the drops in the electric field direction or opposite to it depending on the 
sign o f the permittivity difference between the materials. Migratory coalescence, 
which usually occurs in a unidirectional electric field as the direction o f drop motion is 
fixed, relies on the charge relaxation time r being long (Williams and Bailey, 1986):
r = ^  (3.2.5)
Zhang et al. (1995) believed that an external electric field is able to induce 
charges o f opposite sign on the nearest surfaces o f two aqueous drops. When two 
drops are close to each other, tire neighbouring drop can affect the potential and 
velocity fields arormd the other drop. This causes an additional hydrodynamic
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resistance on each drop, resulting in the drops flowing around one another. Attraction 
due to van der Waals forces may also be important if  two drops are close enough 
(Zhang et ah, 1995), helping to pull nearby drops together and coalesce them.
The main effect o f an aqueous drop in a dielectric liquid will be polarisation 
from reorientation o f induced dipoles with respect to the external electric field (Urdahl 
et ah, 2001). The magnitude o f the electric-induced force between two drops changes 
with the orientation of the applied electric field relative to the line joining the centres of 
the two drops (Williams, 1989).
When relatively conducting water drops, dispersed in a dielectric oil, are subject
to an external electric field, the redistribution o f drop surface charges will create
interfacial polarisation o f the drops (Chen et ah, 1994) and induce dipole moments in 
them. This induced dipole moment in an a.c. electric field is given by (Rigby et ah, 
1986; Israelachvili, 1992):
^  ~ o E  (3.2.6a)
where //is  the induced dipole moment, a  is the polarisability o f the water drops.
a~i}.l2)7vs„s^dj p  (3.2.6b)
and P  = — — —  (3.2.6c)£2 + ,
3.2.3. Film thinning/drainage
The strength o f the interfacial film o f oil between water drops is very important 
in a water/oil dispersion (Isaacs and Chow, 1992), with the life-time o f the oil film  
determined by two processes; thinning and breaking. Film thinning can arise from 
forces, especially electiostatic forces. When the thickness of the oil film is decreased 
to about 1000 Angstrom, other surface forces influence the drainage; van der Waals 
attraction force increases the drainage rate while double-layer repulsion decreases the 
rate o f film drainage (Isaacs and Chow, 1992; Vrij, 1966; Kabalnov, 1998). Further 
thinning will cause some films to become metastable. Metastability occui'S when 
border suction, van der Waals attraction and double-layer repulsion are balanced; 
instability occuis when the attraction forces predominate, due to external factors such
37
as thermal disturbance and vibration. Higher concentrations o f surfactant can also 
produce a lower démulsification rate (Mohammed et a l,  1994). The life-time and 
critical thickness o f an unstable film have been calculated by Vrij (1966), under the 
assumption of a laminar liquid flow between rigid film suifaces at a constant viscosity.
Charles and Mason (1960a), Allan and Mason (1961) and Brown and Hanson 
(1965) concluded that drop-interface coalescence in an electric field takes place by film 
drainage but that it can be enhanced due to the electiically-induced forces on the drop at 
the liquid-liquid interface. When two drops are within a critical distance o f each other, 
the oil film between them can ruptuie very fast, resulting in drop-drop coalescence 
(Zhang et a l ,  1995). Tliis occurs when the electric field between the drops has 
achieved the dielectric breakdown stiength o f the continuous oil phase. The liquid film 
can also be distorted by an electi'ohydrodynamic instability. Equations for drop 
deformation, film thinning rate, and film rupture and collapse have been given by 
Charles and Mason (1960a). Bailes and Kalbasi (1981) have demonstrated that 
charged drops, outside an electric field, will have a coalescence behaviour similar to 
that o f uncharged drops in an electric field. This is because charged drops, o f course, 
create their own electric field.
The rest-time o f a diop at an interface is observed to decrease with increasing 
electric field strength up to instantaneous coalescence (Charles and Mason, 1960a; 
Allan and Mason, 1962), with the electric field enhancement being responsible for the 
rupture of the interfacial film. Allan and Mason (1962) and Sartor (1954) proposed 
that in a d.c. electric field the film between die two drops ruptures as the drops 
approach each other; coalescence then takes place by puncturing due to spark 
discharge. Williams et al. (1995) and Harpur et al. (1997) aie o f the same view but 
believe that the initial approach is generally caused by turbulent mixing, as the 
electrostatic attraction, due to polaiisation between drops, is effective only at short 
range.
3.2.4. Chain formation and the coalescence mechanism
A two-step mechanism of chain formation and coalescence for water-in-oil 
dispersions has been proposed, which is affected by several factors, such as the 
viscosity of the oil, the volume fraction o f the dispersed phase, and the applied electric
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field strength (Pearce, 1954; Taylor, 1991). This mechanism has been observed to talce 
place in a.c. and d.c. electric fields. Chains o f drops are produced by movement of 
individual drops, with the chains aligned in the direction o f maximum electric field 
strength. Moreover, the chains do not often stai't or end at an electrode and may not be 
in contact with the electrodes (Pearce, 1954).
According to Pearce (1954), chains of drops were foimed by forces induced by 
drop-drop potential difference resulting from the induced chaiges o f the drops. 
Bezemer and Croes (1955) however reported that chains o f drops were only created 
after a significant period o f time and that there was a movement o f drops toward the 
region with the maximum electric field stiength, suggesting an additional 
dielectrophoretic force (see Section 3.2.6). The actual coalescence process depends on 
two processes, i.e. the rupture o f  the continuous phase film between the di ops, and the 
attractive electrically-induced force between the drops. The film may also rupture by 
different means other than the electrostatic breakdown.
For stationary or non-flowing emulsions, Taylor (1988; 1991) has shown that 
stable chains of drops will be created if  the drops are covered by a rigid interfacial film, 
eventually leading to the bridging o f the electrodes. Furthermore, Mohammed et al. 
(1993b) revealed that asphaltenes can form rigid films, retarding the film drainage rate 
between two water drops. Moreover, Taylor (1988) reported two different types o f  
behaviour. In type I, very stable drop chains form between the electrodes, on the 
application o f an a.c. electric field, resulting in cuirent leakage through the chains. 
Drop-drop coalescence is prevented by rigid interfacial films around the drops. 
However, with the addition o f an oil-soluble surfactant, the type I characteristics 
transforms to type II, where rapid drop coalescence occurs, indicating the absence of 
chain formation and enhanced mobility o f the interfacial film. Without a rigid film, the 
neighbouring drops tend to attach and stick to each other and coalesce in an electric 
field (Taylor, 1988).
3.2.5. Electrophoresis
‘Electrophoresis’ can be referred to as the motion of a charged particle or drop 
through a stationary fluid in an electric field (Waterman, 1966; McRae, 1996). The 
basic principle here is the charge separation between the particle surface and the fluid
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closely suiTounding it. An external electric field acts on the resulting charge density, 
inducing tlie paiticle, the fluid aiound the particle or both to move. The electrophoretic 
mobility is defined as the ratio o f the particle velocity to the electric field strength 
(Isaacs and Chow, 1992).
3.2.6. Dielectrophoresis
‘Dielectrophoresis’ can be described as the motion o f uncharged particles or 
drops due to polarisation effects in an electric field which is not uniform (Pohl, 1958; 
1951). For dr ops with a permittivity greater than that of the continuous phase, as in the 
case o f water drops in oil, the drops will move toward the region o f greatest field 
strength. This does not require charged drops and it depends on the force induced in 
the polar* drops when in a non-uniform electric field (Pohl, 1958). Any dipole will 
have a separation of equal amounts o f positive and negative charges in it and the 
electric field will be in alignment with the dipole (Hayt, 1989). As the field is not 
imiform, one end o f the dipole will be in a weaker field str ength, resirlting in a net force 
that tends to move the dipole towards the region o f greatest field intensity. Reversing 
the direction o f the field still gives rise to the initial direction o f the dipole tr avel as the 
force is dependent on the square o f the electric field strength (Williams, 1989; Pohl, 
1951; 1958). In most practical situations, the contribution o f dielectrophoresis may be 
small as compared to electrophoresis, as the velocity o f a drop due to the 
dielectrophoretic force is relatively low (Galvin, 1984; Pohl, 1951).
However, it should be noted that dipole coalescence occurs as a result o f 
dielectrophoresis; a pair o f water drops in oil, o f small separ ation, are attr acted to one 
another and each drop can be regarded as moving to reach the point o f maximum field 
intensity between the drops. As the inter-drop separation reduces, the dipole 
approximation becomes invalid and higher-order terms must be considered which 
account for the greatly increased interaction at very small separations (Williams, 1989). 
Dielectrophoresis can even occur when the applied electric field is spatially rmiform as 
a result o f the field perturbations caused by the presence of the drops (Pohl, 1951). In 
situations where the drops are unlikely to be significantly charged, such as when a.c. 
excitation or insulated electrodes are used, dielectrophoresis is o f  prime importance 
with regard to coalescence (Williams, 1989).
40
3.3 Modelling of drop-drop and drop-interface coalescence
Hydrodynamic models for the separation of one liquid from another liquid at a 
horizontal liquid-liquid interface are given by Rommel et al. (1992). There are two 
major approaches in addressing the phenomenon: tlie “deterministic models” focus on 
the drainage o f a thin layer between a drop and an interface or between two adjacent 
drops, and “probability models” which regard the separation to be a stochastic process 
under the assumption o f distinct probabilities o f drop-drop and drop-interface 
coalescence. Most models calculate either the drainage time o f a thin layer between 
two interfaces or the approaching velocity between two drops or a drop and a liquid- 
liquid interface. Moreover, some models use dimensional analysis to determine the 
coalescence time (Rommel et al., 1992).
It is possible to consider an electrostatic coalescer as a component in an 
electrical circuit (Joos and Snaddon, 1985; Bailes, 1995), which dynamic response is 
influenced by all effective elements. Bailes (1995) suggested that during the ‘on’ 
period (when the applied voltage is on), charge separation take place in the oil layer. 
Wlien the upper electrode is charged positively, the negative charges will move to the 
positively charged electrode and the positive charges will go to the lower electrode. 
As the applied electric field is switched off, the system discharges like a heterogenous 
electret, with the upper and lower electrodes decreasing to zero potential before the 
charges held witliin the oil begin to move (Bailes, 1995).
Taylor (1991) employed a statistical analysis o f the formation process o f dr op 
chains using linear condensation polymerisation kinetics. The number o f %-drop chains 
is given by Eq. (3.3.1) in Table 3.2, where No is the initial nirmber of drops, assuming 
that at time t the probability that a dr op has formed two attachments is p . The number 
of chains with length («) greater than x is given by Eq. (3.3.2) in Table 3.2. Eq. (3.3.3) 
in Table 3.2 is generated by considering drop-drop interactions to be o f second-order 
kinetics, giving the probability o f a drop forming two attachments (Taylor, 1991).
Video-microscopic examination o f pulsed d.c. electric fields on water-in- 
kerosene emulsions (Taylor, 1996) suggests that: (i) drop-drop attraction and 
coalescence talce place during the rise and fall components o f the applied pulse
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sequence; (ii) it is frequency dependent, with coalescence rate showing an optimum 
frequency; (iii) the process is affected by the electrode insulation and the continuous 
organic phase.
Equations for the collision frequency, can be derived if  the drops are assumed 
spherical and follow the basic continuous-phase flow (Chesters, 1991). For equal-size 
d r o p s , i s  given by Eq. (3.3.4) in Table 3.2, where Uc is the velocity o f the continuous 
phase and d  is the distance between two drops. In reality, drop trajectories deviate 
significantly from the flow streamlines as each drop disturbs the flow in its vicinity 
(C m e ta L ,  1978).
Bailes and Larkai (1982, 1984a) derived a model o f  a random
collision/coalescence mechanism by an energy balance between the consumed 
electrical energy and the mechanical work done during drop-drop coalescence. This 
gives the derivation of an average drop collision frequencyfy, as given by Eq. (3.3.5) in 
Table 3.2. The drops are assumed to be uniform, and their spatial distribution is 
characterised by the packing term (pp. The concentration o f drops would cause them to 
redistribute into a rhombohedral arrangement with a packing factor o f  0.74 (Bailes and 
Lai'kai, 1982; 1984a), Tliis is justifiable at a hold-up of 50% or more, but the packing 
factor will change for a smaller hold-up.
A molecular dynamics simulation was applied by Chen et a l  (1994) to 
investigate the behaviour' o f water-in-oil dispersions under an a.c. electric field, 
examining long-range and short-range interactions on the reorientation o f water drops. 
Electrostatic, thermal (Brownian) and hydrodynamic forces have to be considered for 
the long-range interaction. Also described are the interactions between drops with 
rigid films at small separation distance, with drop-drop coalescence occurring without 
these films. The movement o f a drop can be described by an equation o f motion (Chen 
et a i ,  1994), such as Newton’s equation for drop i given by Eq. (3.3.6). For very slow  
movement of a very small spherical drop through an incompressible medium, the 
“creeping flow” model is appropriate, with the inertial force neglected compared to the 
viscous force. Thus the equation of motion can be simplified by setting the left-hand 
side o f Eq. (3.3.6) to zero. Furthermore, the hydrodynamic force can be represented by
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a drag force as in Eq. (3.3.7) in Table 3.2 (Bird et a/., 1960). According to Chen et al. 
(1994), the relation for the motion of water drops in oil under an a.c, electric field is 
like the Klingenberg’s equation (Klingenberg et a/., 1989), as shown by Eq. (3.3.8) in 
Table 3.2, where the asterisk shows a non-dimension parameter.
A system o f two immiscible liquid phases between two horizontal platinum 
plate electrodes, as used by Brown and Hanson (1965), is shown below.
.oil phaseSi
electrodes r........................................................     interface
^  aqueous phase
Fig. 3.2. The system used by Brown and Hanson (1965)
An overview of the electrical principles for this system leads to Eq. (3.3.9) in Table 3.2. 
It does not account for the non-spherical characteristic o f the drop at the interface, and 
also the very small quantity o f water dissolved in the oil phase, causing some power 
loss. It is further assumed that water is a perfect dielectric which is inaccurate, and it is 
therefore crucial to refine the above equation, yielding Eq. (3.3.10) in Table 3.2 (Brown 
and Hanson, 1965). Substituting for tan <^ in Eq. (3.3.10) gives Eq. (3.3.11). For low  
ionic strengths, Gdp is independent o f  frequency and thereby the measured value o f s/s2 
is valid for values offos below 10 kHz. The term s/s2 is sufficiently small to be ignored 
and so Eq. (3.3.11) reduces to Eq. (3.3.12) in Table 3.2. Allan and Mason (1961) 
showed tliat the characteristics o f the system ar e not dependent on the ionic strength o f  
the water phase, i.e. the water phase may be regarded as perfectly conducting relative to 
the oil phase, without any voltage drop across the water phase.
The estimation o f the drop-drop interaction forces varies in complexity. For the 
self-capacitance o f a conducting sphere of radius r adjacent to a grounded, conducting 
sphere of radius V2 (where mi = r/do and m2 = r2/d^  with centres separated by a distance 
do, Equation (3.3.13) due to Smythe (1968) is given in Table 3.2. If the spheres have
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equal radius r  then mi = m2 = r/dg. Smythe (1968) also gave a more compact form of 
the self-capacitance, when the spheres have equal radius, involving hyperbolic 
functions. In the case o f unequal spheres, Smythe (1968) gave another expression for 
the self-capacitance in terms of hyperbolic functions. The force o f attraction between 
the spheres under potential difference Vg is given by Eq. (3.3.14) in Table 3.2 (Smythe, 
1968). Taylor (1996) proposed another expression for the capacitance based on the 
work o f Pearce (1954), which differs slightly from Eq. (3.3.13), but it is incorrect.
In a uniform electric field Eg, tlie effect of the diop is similar to that o f a dipolar 
moment ju at the centie o f the drop (Atten, 1993). The potential V outside the drop, is 
given by Eq. (3.3.15) in Table 3.2. With the boxmdaiy conditions at the water-oil 
interface, jj,, V and the field components Er' and Ep can be obtained, as in the 
expressions given in Eqs (3.3.16), (3.3.17), (3.3.18a) and (3.3.18b), respectively (Atten, 
1993). For two drops A and B o f radius r and respectively, (r > r )^ with a large 
separation between the drop centres, the force o f interaction may be given as F =  -V E u  
where Eu is the energy o f the dipolar moment jub ^ Œb Eg 47usSob^ Eg in the field 
induced by dipole (Atten, 1993). The force components on drop B are given by Eq. 
(3.3.19a) and Eq. (3.3.19b) which are valid only when the interaction o f the drops is 
due to dipolar moments. When the distance d  (d = r ’ -  r -  V2) between the drop 
surfaces is smaller than r2 (see Figure 3.3), the distiibution o f the surface chaige on the 
drops would be changed (Atten, 1993).
Davis (1964) developed a model for two conducting spheres in a uniform 
electric field, obtaining Eqs (3.3.20a) and (3.3.20b) in Table 3.2. The tlnee 
coefficients Ki, K2 and K3 are series functions of the ratios dfr2 and (Davis, 1964). 
Numerical values calculated by Davis (1964) lead to a power law o f the form Ki -  d'^  
with J3 A/0.8. The asymptotic expression of Ki takes the form given by Eq. (3.3.21) in 
Table 3.2 (Atten, 1993). By compaiing Equations (3.3.19) and (3.3.20), the transition 
between the two regimes tends to occur at d/r2 «  0.7. Eq. (3.3.20) is valid for small 
water volume fraction When ^ becomes greater than 0.001, the situation becomes 
complicated. However, it is still possible to derive an expression for Fr> by assuming 
that the potential gradient between the two drops is AV = (r + V2 d)Eg cos9, as 
proposed by Atten (1993).
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Table 3.2: Coalescence relationships given by various authors, 
(see Notations for definition of the parameters)
Author(s) Proposed Equation(s) Eq. No.
Taylor
(1991) N , = N „ { \ - P f P
X - Ï (3.3.1)
(3.3.2)
(3.3.3)
Chesters
(1991)
(3.3.4)
Bailes and 
Larkai 
(1982, 
1984a)
I n =
(3.3.5)
Chen et 
a l  (1994)
(3.3.6)
Bird et al. 
(1960)
(3.3.7)
Klingen­
berg et a l 
(1989) M
A*
(3.3.8)
Brown
and
Hanson
(1965) E __________ 3 g / ( l -  /tana)V. _________^ +  2 ^ 2 ( 1  “  7 ^  < ^ ) J [ - ^ i ^2 +  ^ 2 ( 1  “  7 t a n  J
tan Ô (the dielectric loss tangent) = ' DP
^^os^DP
and j  = V - 1
3s, 1-7 ' DP V
g; + 2^ 2 C1 - 7 - e^d2 + 2^ 1- /
(3.3.9)
(3.3.10)
(3.3.11)
(3.3.12)
Smythe
(1968) G  =  47irSiS„ 1 .
2 2Wi ^2
m.
(3.3.13)
Smythe
(1968) K=4V,^7TSy&’, -d^„
(3.3.14)
Atten
(1993)
jU^47ü8^s^Ey
V{r\e) =- E /cosOŸ  / / ^ - l
(3.3.15)
(3.3.16)
(3.3.17)
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Atten
(1993)
£..(r\^ ')=E ;cos6>[l+2r'/r'"J  
E X r \0 ) =  E ^ s m 9 [ r y y - ^
(3.3.18a)
(3.3.18b)
F^ , =~127t cos^ 0  - l )  
Fg = -llnS yS jjE ^ ^ ir^  i y ) s m 2 6
(3.3.19a)
(3.3.19b)
Davis
(1964) F^ , = ~4n:s^s^r2^EJ' (tCi cos^ 0 sin  ^&] 
Fg = ~4?rSiS„r2^E„^K  ^sin^ 0
(3.3.20a)
(3.3.20b)
K ,{ d ) - ^  [ l.2 5 /( l + (r 2 /2 r )y ] (r 2 /c /)“* (3.3.21)
Atten
(1993)
(3.3.22)
\F,„\ f» 7VS^ 6„EJ' cos^ 9{r + r^yr^ Id (3.3.23)
Fig. 3.3. Definition o îd ,p  and y  in the zone between two close drops (the axis 
joins the two drop centres) (Atten, 1993).
Another assumption concerns the field strength between the drops (see Figure 
3.3): E AV/y, and to determine the interaction force, the spheres can be replaced by 
paraboloids of curvature radius r and The electrostatic force density (i.e.
electrostatic stress) is gjSqE^/2 and Eq. (3.3.22) can be obtained by integration which, 
for d  «  V2, simplifies to Eq. (3.3.23) in Table 3.2 (Atten, 1993). Man et al. (1997)
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employed a population balance model for the analysis of the transient drop size 
distribution.
3.4. Effects of the applied electric field
The predominant coalescence mechanisms in a system also depend on the 
nature o f the applied electric field. Alternating current (a.c.), the commonest 
configuration, is utilised widely in breaking cmde oil emulsions, while direct cuiTent 
(d.c.) is used for low water content refined liquids, and a pulsed d.c. field with insulated 
electrodes can be utilised for the breaking o f high aqueous content dispersions (Taylor, 
1996).
The electric-induced force between two drops is inversely proportional to 
approximately the fourth power of the separation distance between the drops 
(Waterman, 1965). Thus, the electiic-induced force increases rapidly with decreasing 
separation between the di'ops and becomes important only when die drops are close to 
each other. However, this electric-induced force also increases with the square o f the 
drop radius, thus dominating the van der Waals force in the case of large drops (Zhang 
et al., 1995). However, the field within the drop is not important with regaid to 
coalescence as the electric field within the aqueous drop is essentiall zero. The 
coalescence rate generally improves as the applied electric field strength is increased.
Typically an electric field strength o f around 100 V/mm (Chen et ah, 1994) is 
used. If the electric field strength is too high, several drop break-up mechanisms can 
occur (Williams and Bailey, 1986), with four such mechanisms being identified, three 
o f which are electrostatic, and the other hydrodynamic. A drop deforms into a thin 
thread under an electric field, and will burst into smaller drops if  the field is too high, as 
the electric stress overcomes the interfacial tension recovery force. This is supported 
by Nishiwaki et ah (1988), who studied the deformation of di'ops in an a.c. field of 
frequency 60 Hz for drops o f poly(propylene oxide) and water suspended in 
poly(dimethylsiloxane). The condition for drop stability is given by Eq. (3.4.1) in 
Table 3.3 (Waterman, 1965). The critical field strength for drop disintegration is given 
by Eq. (3.4.2) in Table 3.3 (Taylor, 1996). Above tlie critical electiic field Ec, the 
interface becomes unstable and dispersion takes place, producing much finer drops,
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with Ec given by Eq. (3.4.3) in Table 3.3 (Atten, 1993). These equations are all 
essentially the same but differ in their proportionality constants.
Table 3.3. Equations relating drop size to electric field strength
Author(s) Proposed Equation(s) Eq. No.
Waterman (1965) E^  < Kp^{Àf r y (incgs units) (3.4.1)
Taylor (1996) À (3.4.2)
Atten (1993)
Eg = 0.64 X Y "
(3.4.3)
According to Miksis (1981), the diop shape is deteimined by its dielectiic 
constant and a dimensionless parameter yo- For large /o, the drop is basically a sphere. 
As /o decreases from infinity, the drop extends in the direction o f the field. At first, it 
becomes neaiiy a prolate spheroid. As yo decreases further, it elongates and retains its 
nearly prolate spheroidal shape if  g? < Sc, where % is a certain critical value. Miksis
(1981) gives sc and ss to be 20.81 and 80.0, so conical point conical port should be 
predicted. However, if  % > %, the drop will develop two obtuse-angled conical points 
at its ends (Miksis, 1981).
The effect o f electrical conductivity is veiy important in real dielectric media, 
concerning the effects o f charge distribution for both the continuous and disperse 
phases (Krasucki, 1968). Conductivity is relatively more significant at low applied 
frequencies, as charges are able to respond witliin the period o f the field changes. The 
establishment rate o f a dipole on a drop surface will depend on the disperse phase 
relaxation time. The relaxation time o f the continuous phase reflects charge retention 
by the drop. Equations have been derived for the cunent in the external circuit due to 
movement o f conducting particles between electi'odes (Krasucki, 1968), suggesting that 
it should be possible to obtain a significant decrease in the cunent by removing particle 
impurities fr om the continuous liquid phase.
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The combined use of different field types has also been applied for crude oil 
dehydration and desalting (Bailes, 1992; Winslow, 1977). Generally, separation 
efficiency improves with increasing applied field strength (Goto et ah, 1989). 
Neveilheless, it has to be remembered that the opposite effect occurs at very high field 
strengths, i.e. drop break-up, depending on the physical and interfacial properties of the 
system, such as interfacial tension and bulk rheology. Furthermore, the effects o f the 
applied electric field on system performance are not always consistent, due to variation 
of ionic species, solvent and surfactants used (Opawale and Burgess, 1998; Godfr ey 
and Slater; 1994). Therefore, the coalescence kinetics o f water drops containing 
electrolytes and covered by surfactants need to be studied carefully.
The Hanar equation (Hanai, 1960) relates the dielectric constant o f the emulsion 
(£■„,), in the low-frequency limit, to the dielectric constant o f the continuous phase {si) 
and the volume frraction o f the dispersed phase (^:
J
Equation (3.4.6) is a limiting condition as the excitation frequency tends to zero. It 
also requires that C d »  Cc and Q »  C,„ where Q  is the conductivity o f the disperse 
phase, Cc is the conductivity o f the continuous oil phase and C„, is the effective 
conductivity o f the emulsion in the low-ffequency limit. These conditions hold for an 
emulsion o f water-in-oil type. With the above conductivity requirements (i.e. Q  »  Q  
and Cd »  C»tX the same equation is also valid for the low-fr-equency limit o f  the 
effective emulsion conductivity if  the dielectric constant is replaced by conductivity.
3.4.1. Pulsed D.C. field
Bailes and Larkai (1981, 1982), who used a pulsed d.c. electric field with 
insulated electrodes, concluded that a better efficiency could be attained for pulsed d.c. 
fields than for constant d.c. or a.c. fields. Thus, the concept o f an optimum frequency 
was proposed, due to the dielectric properties of the electrode insulation and the 
continuous phase. Bailes and Dowling (1985) also established that a pulsed d.c. field 
applied to insulated electrodes is an efficient means for phase separation. They 
reported that coalescence rate is a function of pulse amplitude, shape and frequency, 
with optimum values. The influences o f the pulse form (such as square, half-wave and
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tiiangular shapes) on the parameters cannot however be stated accurately because the 
electrode insulation will certainly affect the pulse form (Taylor, 1996). In fact, it 
largely reduces the differences between the three pulse types, with half-wave and 
triangular pulses reducing to the same pattern (Bailes and Larkai, 1981). The square 
pulse seemed to give the highest field strength for a given applied potential, with the 
electric field strength across the dispersion being predicted by Eq. (3.4.7) (Godfrey and 
Slater, 1994):
E = (3.4.7)0 .5774
where Vp is the electric potential induced on the coating surface and Lg is the separation 
distance between the electrodes.
Bailes and Larkai (1981, 1982, 1984b) suggested tliat the changing rates o f drop 
collision induced by the breaking and formation o f drop chains depend on the applied 
frequency. Figueroa and Wagner (1997) also obtained different responses for a.c. and 
d.c. electric field frequencies. For pulsing d.c. fields, a linear function exists between 
the separation rate and the applied electric potential, though this function is only valid 
for very high a.c. electric field frequencies. Microscopically, Taylor (1996) observed 
some significant effects using a very low pulse frequency o f 0.1 Hz, consisting o f four 
different parts: an initial rise part (rise-time = tr), an ‘on’ period (on-time = ton), a fall 
component (fall-time = t/) and an ‘o f f  period (off-time = toj), referring to Figure 3.4. 
A pulse o f square wave shape has tr and (/r which ar e independent o f fr equency (Bailes, 
1992) and a mark-space ratio (i.e. ratio of ‘applied time on’ to ‘rest time o ff )  o f nearly 
one (Bailes and Larkai, 1984a).
Applied electric field potential
Time
Fig. 3.4. The shape o f a typical pulsed d.c. waveform (Taylor, 1996)
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During the rise time U, drops are observed to respond instantly, moving towards 
neighbouring drops before coalescing upon contact (Taylor, 1996). During the 
remaining field application time, no further coalescence is observed. However, when 
the field is removed, movement and coalescence again talce place. No effect is 
observed during the off-time period (Taylor, 1996). This is because, at low  
frequencies, the voltage drops quickly to very low values.
3.4.2. D.C. field
Using d.c. voltages from 5 to 25 kV with bare electrodes, Hirato et al. (1991) 
showed that the démulsification percentage increases linearly with time until it reaches 
60-70%, with both initial rate and maximum percent of démulsification increasing with 
applied potential. Bailes and Larkai (1981) proposed that the ineffective separation 
with the constant d.c. field is due to the leakage of the field strength or current through 
the insulating liquid and/or coating. The problem is caused by interfacial polarisation 
and is described by Galvin (1984) and Williams (1989).
3.4.3. A C. field
Hauertmann et al. (1989) suggested that, with insulated electrodes, coalescence 
efficiency increases with field strength and frequency. However, Abou-Nemeh (1992) 
observed an optimum voltage-dependent behaviour in the region o f 1 kHz using 
miinsulated electrodes. According to Taylor (1988), the major effects o f exposing 
dispersed water drops to high-strength a.c fields include drop deformation and drop- 
drop attraction, resulting fr om polarisation o f the drops. These are different when d.c. 
fields are applied, inducing electrophoretic motions, which can lead to an increase in 
drop-drop collision rate. Fiuthermore, the behaviour of these emulsions in an a.c. field 
is said to depend on the crude oil type and chemical additives. Chains o f drops are not 
produced when drop-drop coalescence occurs efficiently.
3.5. Effects of applied frequency
The flow o f char ge to and from the drops depends on the relaxation time o f the 
various dielectric materials, electrical properties o f the continuous phase and the 
electrode coating, and its thickness (Godfrey and Slater, 1994). For a pulsed d.c. field, 
the applied frequency influences the electrical relaxation of the inner surface o f the
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electrode coating, with the relaxation time and the optimum pulse frequency given by 
Eq. (3.5.1) and Eq. (3.5.2), respectively, in Table 3.4 (Bailes, 1992; 1984b). Charge on 
a drop can travel to ground via the continuous phase. The relaxation time constant for 
this process is believed to be independent o f geometry. In the case o f  insulated 
electrodes, the flow o f charge in the insulation and that in the oil phase are also both 
independent of geometry.
However, the relaxation time constant associated with the oil/insulator interface 
is dependent on geometry. This is why the Maxwell-Wagner time constant, involves 
the thicknesses o f the oil and insulation layers. This time constant governs the electric 
fields in the system and the build-up o f interfacial charge. Brown and Hanson (1965), 
observing an optimum coalescence frequency for each system, suggested that vibrations 
and cavitation in the drop caused film rupturing, leading to coalescence o f drops at an 
aqueous/oil interface. Moreover, they also suggested that it is the electric field within 
the drop, rather than its charge, that is responsible for enhancing the coalescence. 
They concluded that the electrical forces for coalescence are short-range, and enhance 
film rupture. Therefore, the choice o f the optimum fr equency is crucial, especially at 
low applied potential, depending on the insulation material and its thickness, and the 
composition of the liquid. Without insulation, the optimum frequency is believed to be 
determined by the electrical characteristics o f the continuous phase. The mark/space 
ratio o f the pulse is also important, as the ‘time-on’ should equal the ‘tim e-off for 
optimum coalescence (Bailes, 1992; 1984b). Nevertheless, Galvin (1984) suggested 
that the voltage rise-time constant and the voltage fall-time constant o f the electrical 
circuit were more important, these being determined by the electrical resistance o f the 
circuit and the capacitance o f the coalescer, recommending that the applied pulsed d.c. 
frequency should be in the range given by Eq. (3.5.3) in Table 3.4.
Galvin (1984) also agreed with Bailes and Larkai (1984b) that coalescence at 
low frequencies is independent o f the electiude insulation. The rms potential value at 
the perspex/organic interface varies in a predicted manner with the applied voltage 
(Galvin, 1984). The field strength shows a similar variation with the applied 
frequency. However, Galvin (1984) believed tliat there is no basic reason why 
coalescence should decrease with increasing frequency, and that this may be caused by 
limitations in the power supply circuitry. His findings show that good coalescence is
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obtainable using an a.c. field at mains frequency, and he also gave an equation for the 
attractive force between two identical drops, the force being proportional to the squaie 
of the field strength.
It should be noted that altliough the coalescence efficiency increases with 
frequency at low frequencies (up to 10 Hz) as found by Bailes and Larkai (1981, 1982, 
1984a), the performance is satisfactory up to 200 Hz, as limited by the rise time supply 
voltage (Galvin, 1984). This contiadicts the results of Bailes and Larkai (1981, 1982, 
1984a) who showed a significant reduction in performance at applied frequencies above 
10 Hz. At low fr equencies, electrode insulation reduces the rms value o f field strength 
due to the Maxwell-Wagner voltage decay (Galvin, 1984). If the coalescence 
behaviour exactly followed the field strength, much better coalescence would be 
expected at low frequencies without electrode insulation. Therefore, according to 
Galvin (1984) it is unlikely that the frequency dependence (at low applied frequencies) 
is mainly due to the electric circuit, suggesting a further effect must be present, possibly 
hydrodynamic. In flowing dispersions, there is always random mixing. If an external 
electric field produces some kind o f structure in the dispersion (e.g. drop chains), the 
dispersion will retmn to its initial condition rapidly when the electric field is switched 
off.
Chen et al. (1994) observed that at low applied fr equency, long chains o f drops 
form between the electrodes. Higher frequencies resulted in the formation o f shorter 
chains and led to coalescence. At frequencies up to 1 kHz, short chains o f drops were 
produced, presumably due to the drops having insufficient time to respond to the fast- 
changing electric field. Generally, the formation of a drop chain is due to polarisation 
of the drops with respect to the external electric field (Chen et al., 1994). Taylor 
(1996) has also shown experimentally that there is an optimum frequency for maximum 
coalescence, depending to some extent on the applied electiic field.
53
Table 3.4. Equations for the effects of applied frequency on electrocoalescence
Author(s) Proposed Equation(s) Eq. No.
Bailes (1992; 
1984b) + d , e , ) e ,  { d , C ,  + d , C J
(3.5.1)
(3.5.2)
Galvin (1984) (3.5.3)
3.6. Effects of electrode design and coating
Considerations of electrode design and insulation type have been the subject of 
several investigations. Hsu et al. (1983) reported good coalescence with a.c. fields 
using insulated electrodes with a hydrophobic surface. As expected, thinner coating 
produces better coalescence. According to Bailes and Larkai (1982), the interfacial 
relaxation between the insulation and the continuous phase largely determines how the 
drops are charged. An optimum frequency could be obtained by an appropriate 
selection o f coating material and thickness. The Perspex used by Bailes and Larkai 
(1982) had a dielectric constant of 3.5, an electrical conductivity o f 3.162 x 10'^  ^ S/m 
and thickness o f 6 mm. Teflon-coated stainless steel electrodes were used by Taylor 
(1996). Without electiode insulation, it is expected that only the continuous phase will 
determine the optimum frequency (Bailes and Laikai, 1982; 1992).
Nevertheless, Galvin (1984) did not agree with the findings o f Bailes and Larkai
(1982) regarding the use o f insulated electrodes to increase the separation efficiency, 
arguing that insulation is just to prevent short-circuiting, and only increases the applied 
potential required to effect the same coalescence rate. Galvin (1984) also suggested 
that if  short-circuiting is a major concern, then a current-limiting device should be 
applied in the external circuit so tliat electiode insulation is not required. However, 
according to Bailes and Larkai (1982), Bailes (1992) and Williams (2002), the 
importance o f electrode insulation is that, should bridging occur between the electrodes 
at high water cut and high electric field, the charge is only locally affected at an 
insulated electrode surface. With bare electrodes, such bridging would discharge the
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total stored energy o f the capacitor at the location of short-circuiting, and the whole 
electrostatic field would diminish (Bailes and Laikai, 1984b). Both the thickness and 
material of the coating will influence the frequency for maximum charge density. The 
coating material should be chosen with a relaxation time sufficiently similar to that o f  
the continuous liquid phase, so that any disturbance to coalescence will be minimum. 
The electrode coating also diminishes all the field strength across the water-oil 
dispersion when a d.c. electric field is applied. Consequently, pulsed or a.c. electric 
fields must be utilised (Galvin, 1984). Practically, the coalescer depends for its 
application on the fact that even the best insulation is not totally without electrical 
conduction (Bailes, 1995). According to Williams (2002), electrical coalescers would 
work fine, using a.c. electric fields, if  the insulation conducted no current.
3.7. Drop size
The size of drops in emulsions may vary due to: (i) variation o f interfacial 
properties (siuTactant effects), (ii) changes in the concentration o f the aqueous phase 
and (iii) variation in the level o f shear to which the emulsion is subjected (Sherman, 
1968). Goto et al. (1989) observed that the démulsification rate was apparently 
proportional to the square o f the Sauter mean diameter. Hano et al. (1988) reported the 
démulsification rate to be proportional to ds2^ ’^  for a Span 80-kerosene organic phase. 
Williams and Bailey (1986) used a laser light-scattering technique to look at the size 
distributions o f water drops in emulsions entering and leaving an electrocoalescer. The 
volume median diameter of outlet water drops was obseived to increase with residence 
time, showing that drop-drop coalescence occuned in the emulsion. At a low applied 
electric field strength, the drop size increase was small. Under a strong applied field 
strength, it increased very fast initially, but relatively slowly after that. Therefore, 
coalescence effects attributed to sedimentation and Brownian motion are relatively 
insignificant compared to dipole and migratory coalescence produced in strong electric 
fields (Williams and Bailey, 1986).
However, a water drop can be str etched in the direction o f the applied field. An 
uncharged drop with radius r will have the shape o f a prolate spheroid o f eccentricity e, 
given by (Taylor, 1988)
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Williams et al. (1995) and Urdahl et al. (1996) found that even without an 
applied electric field the volume median diameter o f the dispersed drops increased at 
the coalescer outlet due to turbulent mixing (typically from 7 to 10 jam in their 
systems). The drop size depends a lot on water concentration and emulsion stability 
(i.e. emulsifier concentration). Drop volume median diameter increased with the 
applied electric field stiength. However at very high applied electric fields, the drop 
size decreased as drops broke up under hydrodynamic and electrostatic stresses 
(Williams et al., 1995).
Chen et al. (1998) studied the coalescence time distribution o f aqueous NaCl 
drops in n-heptane, and found that the average coalescence time with no applied field 
was in the order o f seconds for 3.6 mm diameter drops. With the application o f an 
electric field, the coalescence time could be reduced to well-below one second. To 
determine tlie development o f the drop-size distribution during a separation process, 
Zhang et ah (1995) reported a population balance dynamics equation describing this 
distribution due to drop coalescence, provided by a mass balance,
^  y=l y=l
where Jij is the rate o f collision per unit volume of drops of size i with drops o f size j .
The first term on the right hand side o f Eq. (3.7.2) is the formation rate o f drops 
of size i by collision o f two smaller drops (the factor of V2 is to prevent drops from 
being counted twice) (Zhang et al., 1995). The second term is the loss rate o f drops o f  
size i due to their collisions with other drops. This is restricted to binary interactions 
and coalescence in a homogenous suspension of conducting, spherical drops in an 
immiscible fluid. Changes in the drop size are due to drop coalescence only, 
neglecting other effects such as drop dissolution, diffusion and break-up. The collision 
rate is given by Eq. (3.7.3),
J,j + 0 ) ' ^ ' ”’ - U .y \K c  (3.7.3)
where Kc is defined as the ratio o f the actual collision rate to that for rectilinear* drop 
motion due to gravity alone without drop-drop interactions. The collision efficiency
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provides the relative effects of electric-induced, van der Waals, and hydrodynamic 
forces on drop collision and coalescence (Zhang et ah, 1995).
3.8. Residence time of a dispersion in an electrocoalescer
A relationship between linear emulsion velocity, electrode area and residence 
time o f a liquid-liquid dispersion for a specific coalescence efficiency is provided by 
Bailes and Larkai (1984b). The residence time reduces linearly with increasing 
mixture velocity, while the effective electrode area for coalescence is directly 
proportional to the residence time due to the design o f the system, giving the 
hydrodynamic limits for this electrocoalescer. Williams et al. (1995) measured the 
effects o f field exposure time on the volume median diameter o f water drops in oil, and 
concluded that the drop diameter increases with the exposuie time until a maximum 
diameter is reached.
Williams et al. (1995) and Urdahl et al. (1996) concluded tliat turbulent mixing 
can cause drop-drop coalescence even without an applied electric field. Under an 
electric field, drop-drop coalescence generally increases with applied electric field 
strength and residence time in the electric field. For emulsions in turbulent flow, diop- 
drop coalescence by an applied electric field is effective in just a few seconds 
(Williams et al., 1995). Significant drop enlai'gement in an electric field takes place 
under sufficiently long residence time (generally less than 10 s) (Harpur et al., 1997).
An estimate o f the time for the growth o f the mean drop size o f a dispersion in 
an electiic field can be given by a simple model, dealing with a mono-dispersed system 
and undergoing pairwise coalescence (Atten, 1993). It consists o f transforming from N  
drops o f radius r to N!2 drops o f radius The evolution time is then obtained by
the solution o f the expression governing the relative motion of two adjacent drops. 
With Stokes’s formula for the drag on a sphere and the dipolar expression, Eq. 
(3.3.19a) for the force between two drops aligned with the applied electric field, Eq. 
(3.8.1) in Table 3.5 can be derived (Atten, 1993). Solving Eq. (3.8.1) yields Eq. (3.8.2) 
in Table 3.5. This analysis is similai* to that o f Williams and Bailey (1983).
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Table 3.5. Equations for the residence time of liquid mixtuie
Author(s) Proposed Equation(s) Eq. No.
Atten
(1993)
GTirjjdr'l dt = 2F = -4S7rs£gE^^r^ / (3.8.1)
= y j  \ j c  I 2 r j (3.8.2)
(3.8.3)
Sadek and
Hendriks
(1974)
dN { w j ) f  (7^  = (1 /2 )  1 K (w', w -  {w \t)N {w  -  w \t ) d w '-  
P  K  (w, (u/, ty<[ {w \t)d w  ' (3.8.4)
Assuming an initial cubic lattice aiTangement of the drops, the distance do is 
given by d j r  -  (4;z/3ÿ)"", with the time ti depending only on the volume fraction as 
in Eq. (3.8.3) in Table 3.5 (Atten, 1993). Generally, the development time o f a 
polydispersed system can be modelled from Eq. (3.8.4) in Table 3.5 (Sadek and 
Hendricks, 1974), which is equivalent to Eq. (3.7.2) due to Zhang et al. (1995). The 
first integral in Eq. (3.8.4) is the production rate o f drops with volume w by coalescence 
o f smaller drops and Üie second integral is the disappeai ance rate o f these drops.
3.9. Effects of electric field on the rest-time of drops at liquid-liquid interfaces
For a liquid-liquid system, the ‘rest time’ (i.e. the interval between the anival o f  
a drop at the interface and its subsequent drop-interface coalescence) has a wide 
variation of values, influenced by temperature variation, contamination and vibration 
(Taylor, 1991; Rommel et aL, 1992; Charles and Mason, 1960; Elton and Picknett, 
1957). For a given concentration o f drops, increasing drop size has the effect o f  
increasing the average rest-time, suggesting that the probability of coalescence 
decreases continuously with increasing smTace separation. However, the mean rest­
time can be reduced by the increased rate o f film thinning due to electrical attraction 
(Elton and Picknett, 1957). Eq. (3.9.1) in Table 3.6 was derived for the approach o f a 
drop to a flat interface, where ~(dh/dt) is the rate of film thinning (Allan and Mason,
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1961). For the case when the defoimed section of an interface is small, drainage 
between the interface and the drop o f radius r is the same as drainage between equal 
drops o f radius 2r (Allan and Mason, 1961). The bottleneck o f the coalescence process 
is the drainage o f the thin oil film (Rommel et al., 1992).
Several types o f drainage may be observable, depending on mobility o f the 
interfaces, with only one giving an analytic solution namely that o f rigid immobile 
interfaces (Chesters, 1991). The major categories of deformed-drop drainage are those 
of immobile, partially mobile and fully mobile interfaces. The category o f fully 
mobile interfaces can be further divided into two sub-regimes, depending on whether 
inertial or viscous forces are more significant here. Earlier models assumed the film to 
be a parallel-sided layer (Chesters, 1991) while later models included the effects of 
interfacial defoimation and film flow, with all the models assuming simple boundary 
conditions: either constant velocity o f approach or constant force o f interaction. 
However, during a collision, both o f  them will actually alter (Chesters, 1991).
When the dispersed drop’s viscosity is relatively insignificant, drainage is 
controlled by the resistance o f the film to deformation and acceleration (Chesters, 
1991). For fully-mobile interfaces, the model of the parallel-film gives the drainage 
relation as hr Eq. (3.9.2) in Table 3.6 (Chesters, 1991). Towards the viscous limit 
(t|c-^ oo), Eq. (3.9.2) should become Eq. (3.9.3), representing the viscous resistance to 
squeezing between two lubricated bodies. Eq. (3.9.3) can be integrated to give Eq. 
(3.9.4) in Table 3.6. Equation (3.9.2a) reduces to Eq. (3.9.5a) in the inertia-controlled 
limit.
According to Mohammed et al. (1993a, 1994), the démulsification rate is 
greatly influenced by the condition o f the emulsion and the stage it has reached at some 
moment in time. In an applied electric field, there is an attractive force between the 
drop and the interface due to opposite charges which, as the film thins, may become 
much larger than the gravitational force (Allan and Mason, 1961), causing an increase 
in the drainage rate and a decrease in the time required to drain the film to the critical 
thickness. The attractive force for a rigid conducting sphere near a grounded plane is 
given by Eq. (3.9.6) in Table 3.6.
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Therefore, electric field strength at the liquid-liquid interface decreases the 
mean rest time for a given di'op size (Hirato et ah, 1991) and will eventually cause an 
instantaneous and single-staged drop coalescence. Brown and Hanson (1965) also 
observed that increasing temperature decreases the rest-time, because higher 
temperatme will decrease the viscosity o f the continuous phase, resulting in more rapid 
film thimiing. The voltage drop across the aqueous layer is relatively insignificant. 
Hence, it is the applied electric field strength at the interface that promote coalescence 
rather than induced charges on the drop (Brown and Hanson, 1965).
Table 3.6: Equations for the effect of an electric field on mean rest-time o f drops
Author(s) Proposed Equation(s) Eq. No.
Allan and
Mason
(1961)
dh 
dt ~
2 Fh^ (3.9.1)
Chesters
(1991) -  [ ^/ X{dH / d t \ ]exp (-1 2 ^ /! p ,a ^ ) -  
H  = (l/2 )lll/!
(3.9.2a)
(3.9.2b)
dh 2Xh 
dt 2>rj^ r
(3.9.3)
= where toh = 3r|cr/2X (3.9.4)
h = h„exp(-r/r„j) 
~  Pc ^R
(3.9.5a)
(3.9.5b)
Moham­
med et al. 
(1994)
Pc = s V .^ y , ,(h lh )
1 J” ,(y^(/z/6) = —^  cos ec(/i«<ü)(coth cD-n  coth nœ)2 „=0
Û) -  cosh“  ^(A / 6 +1)
(3.9.6a)
(3.9.6b)
(3.9.6c)
3.10. Effects of hold-up fraction of dispersed phase and surface-active 
components
The effect o f the hold-up of dispersed phase on drop-drop coalescence is 
notable at low applied electric potentials (Hirato et al., 1991; Balles and Larkai, 1984a).
6 0
At a given applied electric potential and optimum frequency, the coalescence efficiency 
increases rapidly up to an aqueous hold-up o f about 25% and then decreases slightly 
with lai'ger hold-up, possibly due to changes in the mechanism of drop coalescence at 
this level (Bailes and Lai'kai, 1984a). Bailes and Laikai (1984a) showed that varying 
the aqueous phase hold-up should not influence the polarisation/relaxation 
characteristics of the system, which laigely influences the optimum frequency.
As the hold-up influences the size and number of dispersed drops, the 
polarisation charge on each drop is also determined for a given electric field strength 
and frequency. Therefore, the parameter o f hold-up affects the collision and 
coalescence rates o f the drops (Bailes and Larkai, 1984a). However, the 
démulsification rate is retarded after 60-70 % démulsification, probably because the 
volume ratio o f the continuous phase to the aqueous phase increases gradually, 
resulting in the decrease in effectiveness of the electric-induced force (Hirato et ah, 
1991). The effect o f a given level o f applied voltage decreases with higher dispersion 
flow rate as less time is available for the electric field to help bring adjacent drops into 
close contact to induce electrocoalescence (Harpur et ah, 1997). Moreover, Sun et ah 
(1999) reported that electric fields are not effective for emulsions with high water 
content because a ‘sponge’ phase can be produced, consisting o f a large amount o f  
aqueous phase at the water/oil interface.
Allan and Mason (1961) observed that the addition o f a small quantity of  
surfactant in the heptane layer significantly increased the rest-time o f water drops at a 
water/heptane interface. The water drops were observed to have laiger defoimation at 
the interface due to decreased interfacial tension.
The increase in water-to-oil ratio reduces the average distance between water 
drops, and increases interfacial area between the oil and the dispersed phase (Tadros, 
1994; Benayoune et ah, 1998), reducing the density o f suifactant at the interface 
(Hirato et ah, 1991; Sun et ah, 1998). Generally, the water/crude oil interfacial film 
properties significantly affect the separation efficiency (Mohammed et ah, 1993a; 
Rommel et ah, 1992). An increase in suifactant concentration will decrease the 
démulsification rate (Urdahl et ah, 1996; Sjoblom et ah, 1990) for several reasons as 
described below.
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Emulsion formation can be caused by the surfactant-like action of polar 
compounds such as resins and asphaltenes in oil (Fordedal et a l,  1996; Mohammed et 
ah, 1993b). However, the kinetics and energy o f formation of these emulsions are still 
not cleai'ly understood (Fingas, 1995), as emulsions often form rapidly after the 
essential chemical and turbulent conditions are achieved (Tadros, 1994; SjOblom et ah, 
1990; Fingas, 1995; Nelson, 1996). Crude-oil natural solids and interfacially active 
components, especially wax crystallites, asphaltenes and resins, when present at the oil- 
water interface, are likely to effect considerable stability (Friberg and Jones, 1996; 
Kabalnov, 1998; Puskas et ah, 1996) and rheological property changes to the emulsion 
(Ese et ah, 1997; Allan and Mason, 1961; Thompson et ah, 1985; Nordvik et ah, 1996). 
Chen et ah (1994) showed that the rigid interfacial film is very important in preventing 
coalescence between drops in an electric field, while Ese et ah (1997) observed that 
stability is also influenced by the quantity o f asphaltenes, the ratio between asphaltenes 
and resins, and the degree o f ageing o f asphaltenes and resins. Puskas et ah (1996) 
established that a paraffin derivative o f higher melting point and molar mass, 
containing polar end-groups, can also stabilise water-in-oil emulsions. However, it is 
not just the presence or absence o f these compounds which determine emulsion 
stability, but also the size o f these compounds relative to tliat o f the dispersed drops 
(Scliildberg et ah, 1995; Thompson et ah, 1985). The effective viscosity o f crude oil is 
also greatly increased by the dispersion o f  water to give a stable dispersion (Fordedal et 
aJ., 1996; Hirato et ah, 1991; Friberg and Jones, 1996; Puskas et ah, 1996; Omar et ah, 
1991). Hano et ah (1988) investigated the viscosity effect o f the oil phase on 
démulsification rate, reporting that the démulsification rate, which is proportional to the 
-3 .2  power o f the oil viscosity, is given by Eq. (3.10.1) below:
= 4.18x10^ exp^-2 2 5 0 0  ^V K T  _
-3 2  j  3.577 d ■' (3.10.1)dt
X (6.5 + 3.93W „)exp(-19.6^)X exp(- 0.111C^ .„^ ) 
where V^ v is the volume o f water phase separated in cm ,^ t is time in s, Ro is gas law 
constant = 8.314 J/moI-K, T is the absolute temperature in Kelvin, rjc is the viscosity of 
the oil phase in mPa-s, da is the diameter o f water drop in pm, Fa is the agitation speed 
of the impeller in s"\ (j) is die water phase hold-up and Csur is the suifactant 
concentration.
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Goto et al. (1989) suggested that
\^0  /
2 K f= 1 -  (3.10.2)
the empirical rate constant, Kd, for coalescence should depend on the Sauter mean 
diameter o f water drop, ds2, and the viscosity of the continuous phase according to the 
following form:
K j  =  k' (3.10.3)
However, many fundamental issues on stability mechanisms and destabilisation 
processes are still unresolved (Rommel et al., 1992; Sjoblom et al., 1990). Fordedal et 
al. (1996) and Mohammed et al. (1993b) who believed that the emulsion stability in 
crude oil is mainly controlled by the separated asphaltene fraction, observed the 
importance o f the interaction between asphaltenes and resins, by showing that the resins 
alone are unable to stabilise water-in-oil emulsions although the resins can be more 
interfacially active than the asphaltenes. More rigid interfacial film structures can be 
produced by increased packing density and rearrangement o f asphaltenes. The 
oil/water interfacial films show low viscosity initially. Due to the continuing 
adsorption o f higher molecular weight species, the films build up, attaining a steady 
value for the interfacial tension after a few hours (Mohammed et al., 1993a).
Recently, interfacial properties o f lipophilic, nonionic sorbitan fatty acid ester 
surfactants, such as Spans 20, 80, 83, and 85, have been investigated by Opawale and 
Burgess (1998). These surfactants, except Span 85, formed viscoelastic films at the 
water-oil interface, with multilayer formation for Spans 80 and 83. Surfactants 
forming relatively strong interfacial layers or films in the presence o f common salt 
dissolved in the aqueous phase produce more stable dispersions (Kabalnov, 1998; 
Opawale and Burgess, 1998). Maximising the strength of the interfacial film is very 
likely to form a more stable dispersion by increasing the concentration o f Spans 20, 80 
and 83, with very low salt content in the aqueous phase, and/or at low temperature 
(Opawale and Burgess, 1998).
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3.11. Conclusions
The major mechanisms of electrocoalescence and separation, such as chain 
formation o f drops, dipole coalescence, dielectrophoresis, electrophoresis, random 
collisions and film drainage and rupture have been reviewed. The predominant 
mechanism in any system depends on electrode design and set-up, and emulsion 
properties, as well as on the type o f electric field employed. For dipole coalescence to 
take place, drops have to be brought into close contact with each other. When the 
coalescence process is slow due to, for example, interfacial phenomena, the drops may 
form chains along the electric field direction, depending on the hydrodynamic 
conditions. This can produce a low resistance path for the electric cuiTcnt, leading to 
the electrical clamping at contact points between the drops due to current constriction 
(Eow et ah, 2002b), which in turn can cause the rupture of the film between the drops. 
In the extreme case, chains o f aqueous drops connecting the electrodes will create 
short-circuits, leading to collapse o f the electric field. However, the role o f the 
electrical clamping phenomenon in electrocoalescence has not been widely 
investigated. The mechanism o f film drainage and rupture is of paramount importance 
as it governs drop-drop and drop-interface coalescence. However, the actual 
mechanisms underlying drop-drop coalescence are not yet fully imderstood.
Various mathematical models have been highlighted here, which depend on the 
mechanism and the type o f electric field applied, such as population balance modelling, 
random collision/coalescence modelling, and linear” condensation polymerisation 
kinetics. Factors influencing the coalescence efficiency have also been highlighted and 
reviewed. The several types o f electric field which may be applied have been 
highlighted such as alter*nating current, direct current and pulsed direct cur*rent, as well 
as their combinations. The a.c. electric field is the oldest technique, with the current 
trend moving towards a pulsed d.c. electric field. The concept o f an optimum applied 
frequency has been introduced together with that of a pulsed d.c. electric field, 
depending on the relaxation time o f the var ious dielectr ic materials, electrical properties 
of the continuous liquid phase and tlie electrode coating material, and its thickness. In 
order to reduce the negative effect o f electrode insulation, the dielectric properties o f 
the insulation material should be similar to those of the continuous phase o f the 
emulsion system (i.e. similar relaxation times).
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Finally, the characteristics o f the emulsion system itself determine the 
practicality o f employing a strong electric field to resolve the emulsion. Emulsions 
with high aqueous-phase content will tend to short-circuit bare electrodes and cause the 
applied electric field to collapse, diminishing the coalescence efficiency which is one of 
the reasons for employing coated electrodes.
Investigations using crude oils are influenced by various unknown impurities 
and surface-active components in the system, making it difficult to interpret the causes 
and effects o f various factors. Crude-oil contains indigenous solids and interfacially- 
active components, mainly wax crystallites, asphaltenes and resins. When these 
compormds are present at the oil-water interface, they can confer considerable stability 
to the emulsion, as well as producing rheological property changes to the system. It 
has been shown that the solid interfacial film is crucial in inhibiting coalescence 
between drops in an electric field. Therefore, a fundamental understanding o f the role 
of the impurities is highly desirable.
From the foregoing, it is clear that more investigations, both experimental and 
theoretical, are needed to study the electrocoalescence phenomenon at a microscopic 
level. This leads to the experimental investigations that will be described in Chapters 
4, 5 and 6, and to the theoretical finite element analysis that will be described in 
Chapter 7. This will help to elucidate the role o f various parameters in the coalescence 
of two drops, and between a drop and an interface. This knowledge will then 
contribute to the design and operation o f more efficient as well as more compact 
electi'ocoalescers.
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Chapter 4 -  Drop-drop coalescence in an electric field
4.1. Introduction
As described earlier in Chapter 3, the exact manner in which the coalescence of 
aqueous drops in an oil phase occurs under high electric fields is not yet clearly 
understood. A detailed understanding o f this phenomenon is therefore essential in 
order to move forward in the development o f highly efficient electrocoalescers. Some 
coalescence can occur naturally due to Brownian motion and differential settling, but 
these effects are insignificant compared to electrostatic coalescence. In low electric 
fields, the drops in a dispersion attain a linear chain-like airangement, as the applied 
electric field strength is not sufficiently high to induce drop-drop coalescence. The 
drops return to a random distribution when the field is switched off (Pearce, 1954; 
Williams, 1989). The physical principles behind the electrocoalescence method, as 
described in Chapter 3, are believed to be the interaction between the electric field and 
the drops, leading to diop chaiging by induction and contact, and then aggregation and 
coalescence through field-induced drop-drop interactions, which do not require the 
drops to be charged.
At high electric fields, drop-drop coalescence and drop-interface coalescence 
take place when the interfacial film is ruptuied, as described in Chapter 3. When two 
di'ops approach each other, the suifaces o f the drops are separated by a thin film o f the 
continuous oil phase. Generally, an electric field is applied to (i) promote contact 
between the dispersed aqueous drops, (ii) facilitate aqueous drop-drop coalescence, and 
(iii) promote aqueous drop-interface rupture and coalescence with free aqueous liquid 
at a plane interface, thereby completing phase separation (Eow et al., 2001a).
In this chapter, thr ee important aspects o f the electrocoalescence o f water drops 
in high electric fields will be reported. These are (i) the effect o f applied electric field 
direction on the coalescence o f two drops, (ii) the effect o f electrode shape and 
geometry on drop-drop coalescence performance, and (iii) the effect o f a hydrophilic 
electrode surface in retaining and assisting the coalescence of the aqueous phase drops 
for facilitating phase separation.
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4.2. Effects of the direction of the applied electric field
In this section, the interaction between two aqueous drops, with respect to their 
relative orientation and its relationship to the applied electric field direction, will be 
investigated. Identification o f the range o f angles that the line joining the centres of 
the two drops makes with the direction of the applied electric field will be provided, 
based on experimental investigations. This will then be compared to that provided by 
a theoretical analysis. However, it has to be taken into consideration that sometimes 
charge exchange occurs before the coalescing drops actually coalesce. This can set up 
electrophoretic forces wliich cause the drops to be repelled from each other (Williams, 
1989; Sartor, 1954; Allan and Mason, 1962; Anisimov and Emel’yanchenko, 1976).
4.2.1. Experimental set-up and procedure
The experimental set-up is schematically shown in Figure 4.1, which is an 
arrangement of a cell under a micro lens (Leica Monozoom 7) connected to a high 
speed digital video camera (Kodak EktaPro HS 4540 Motion Analyser). The 
anangement as shown in Figure 4.1 can be used to study a system o f one or more 
aqueous drops in a stationaiy dielectric liquid subjected to an electric field. With this 
arrangement, parameters such as the type o f applied electric field, the number o f  
aqueous drops in the system, the location o f the drops with respect to one another, and 
the properties of the system can be easily controlled and manipulated.
Camera
Micro lens Microscopic
Grounded Electrode
High Voltage
ComputerEHT
Supply
Kodak HS
Motion
Analyser
Electrode
Fig. 4.1. The experimental set-up o f the microscopic test cell
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Figure 4.2 shows the plan view o f the cell, which is made o f Perspex. The cell 
depth is about 7 mm. The high voltage electrode and the groimded electi'ode are 
polished brass plates.
Perspex cell 
walls and base
Grounded
electrode High voltage " electrode
EHT7 mm
ID-imn
Fig. 4.2. Details of the microscopic test-cell (plan view)
The continuous phase liquid used in the investigation was sunflower oil. The 
distilled water drops were carefully injected into the organic phase using a hypodermic 
needle, at the desired locations within the inter-electrode region. For experiments with 
two drops, the drops were initially separated by a distance o f 3-4 drop radii from one 
another. If the drops are very close to each other, the dipole approximation tends to 
break down and more terms would be needed in the final equation. Krasny-Ergen 
(1936) considered tliis situation using the method of images. The needle was grounded 
in order to produce uncharged drops. The diameter o f the drops produced was about 
1.8 + 0.3 mm. The drop size was measured from its image captured by the high-speed 
video camera. As the drops had a higher density than sunflower oil, they tended to rest 
on the floor o f the cell. However, the density difference was not so lar ge as to cause 
significant deformation o f the drops, and this had very little effect, if  any, on the results. 
When two drops had been arranged in their desired locations, a positive-polarity, high- 
voltage d.c. potential was then applied to one electrode, while the other electrode was 
grounded. A Hunting Hi-Volt model from Miles Hi-Volt Ltd had been previously set 
up to supply a positive-polarity high voltage. The magnitude o f the applied electric
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potential should not be so lai'ge that it causes significant drop distortion, as will be 
discussed in Chapter 5. The applied potential was about 1 kV d.c. The behavioui’ of 
the drops was then recorded using the high-speed video camera.
The angle Q between the line joining the centres o f the drops and the electric 
field direction, as defined in Figure 4.3, was vaiied to study the interaction (i.e. 
atti'action or repulsion) between the two aqueous dr ops.
Hie line joining
the centres of  
the two drops
\
Fig. 4.3. Definition o f the angle 0  between the line joining the 
centres o f  the dr ops and the electric field direction
4.2.2. Results and discussion
Table 4.1 shows the results obtained for several values o f  0  and, in each case, 
the result is consistent with the dipole theory considered in section 4.2.3. The angle Q 
was measured from the images captured by the high-speed video camera. As would be 
expected, for values o f 0  giving attractive interaction, the two drops were observed to 
approach each other. The two drops were initially about 3-4 drop radii apart. When 
the two drops became very close together, drop-drop coalescence occuiTed, as shown in 
Figur es 4.4 (a -  d) for several different values o f the angle 0at an applied electric field 
strength o f 1.0 kV/cm. Under electric field strength higher than 1.0 kV/cm, the 
deformation o f the drop was observed to be very significant. During attractive 
interactions, the applied electric field generally functions in such a way as to bring two 
drops closer and to rupture the continuous oil film separating them more rapidly.
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The theory o f film drainage and rupturing has been briefly described in Chapter 
3 in relation to aqueous drops in a dielectric medium under high electric fields. For 
aqueous drops dispersed in a viscous oil, the drainage of the film separating two drops 
is the bottle-neck o f the whole coalescence process. Once this film is broken, drop- 
drop coalescence occurs rapidly, as illustiated in Figures 4.5 (a - 1).
Table 4.1 : Measured interaction between two drops for different values o f 6  
(see Fig. 4.6)
Angle, 6>(°) ± 0.5° Interaction between 
two drops
Line
0.5 Attraction a
32.0 Attraction b
39.0 Attraction c
53,0 Attraction d
60.5 Repulsion e
61.5 Repulsion f
74.5 Repulsion g
79.0 Repulsion h
85.0 Repulsion i
89.0 Repulsion j
90.0 Repulsion k
102.5 Repulsion 1
127.5 Attraction m
129.5 Attraction n
135.0 Attraction 0
140.0 Attraction P
145.0 Attraction q
150.0 Attraction r
171.5 Attraction s
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(b) At e= 39° (c) At <9= 32° (d) At <9= 171.5°
Fig. 4.4. Attraction leading to coalescence between two distilled water drops 
at 53°, 39°, 32° and 171.5°, and 1.0 kV/cm
(a) t = 0 ms (b) t = 0.22 ms t = 0.44 ms
(d) t = 0.66 ms 1.54 ms
(g) t = 2.42 ms (h) t = 3.52 ms (i) t = 4.62 ms
(j) t = 7.92 ms (k) t=  14.52 ms ) t = 20.68 ms
Fig. 4.5. Attraction leading to coalescence between two distilled water drops at 0.5° 
and Eo = 1.0 kV/cm
The value of Q for the system shown in Figure 4.5 was 0.5°. This generated a 
strong attractive force between the two drops, even though the applied electric field was
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only 1.0 kV/cm. As a result, the surfaces o f the drops facing each other were observed 
to deform prior to coalescence, as shown in Figures 4.5 (a and b). Furthermore, during 
the course o f the coalescence, the two drops formed a cylindrical shape as illustrated in 
Figure 4.5 (1), in the process o f forming a larger spherical drop. As shown in Figures 
4.5 (a -  1), the two drops took about 20.68 ms to form the cylindrical shape in an 
electric field o f 1.0 kV/cm.
Two drops in an electric field o f 1.0 kV/cm were seen moving away firom each 
other for values o f 6  giving repulsive interaction. The applied electric field in such 
cases was able to polarise the drops in such a way that the net induced charges on the 
two drops produced a repulsive interaction between them.
4.2.3. Analysis of results
The dipole moment o f a sphere can be expressed as (Williams, 1989):
—  4  3 —H i  = - 7 i : r i  a ,E „ (4.1)
where r, is the radius o f drop i and a t , the polarisation per unit volume o f drop /, 
(assumed spherical drop) is defined as
a ,  = _ s^ + 2 s i_
where So is the permittivity o f fiee space, S2 is the dielectric constant o f the disperse 
aqueous drop phase and si is the dielectric constant of the continuous organic phase, 
with i taking the value 1 or 2 depending on the drop being considered. The radius o f  
the drop is n and the uniform applied electric field is Eq. For water drops in oil, % »  
£T/, and therefore a,- approximately equals '^ SoSi, The interaction energy between two 
dipoles, of separation do, can be expressed as (Panofsky and Phillips, 1978; Williams, 
1989), where G is the orientation o f the induced dipole of a drop relative to the applied 
electric field direction:
E . .  =
1
y d :  J (/^ l o ) (/^ 2 o ) (4.2)
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Substituting Eq. (4.1) and aj=3>SoSi into Eq. (4.2) produces:
B, -  [ i - 3 c r f e ]
which, after some mathematical rearrangement, becomes
3 3rn 2
E. =  [ , . 3 c o «
a„ (4.3)
The force in the radial direction (given by Eq. (4.4)) and the torque in the 
transverse direction (given by Eq. (4.5)) can be obtained by differentiating Eq. (4.3) 
partially with respect to do and 6, as given by Williams (1989):
=  - f t  =  [ l .3 c o s ( 2 ^ ) ]  (4.4)
0
4 = - ^ =  s in (2 ^ ) (4.5)
The transverse force is given by 
F.
" d e
A  negative value for the force, in the first part o f Eq. (4.4), indicates attraction 
between the two drops (Williams, 1989). (A force is assumed to be positive with
respect to a certain parameter, such as do or 0, where the value o f the parameter
increases from its datum point or line. For do, the datum point is the centre o f one drop 
or the other drop. For 9, the datum line is the field direction.) The torque being 
negative, in the direction o f increasing 0, shows that there is a tendency to align the 
drop pair with the direction o f the electric field (Williams, 2002). The radial 
interaction force between the drops, as in Eq. (4.4), is therefore attractive provided that:
[l +  3cos(2e)] > 0 
therefore 3cos(20) < — 1
6  <  54 .7° (75.1° on point o f touching,
according to fCrasny-Ergen (1936)
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or e > 125.3'
Williams (1989) theoretically showed that the radial interactive force is repulsive when 
6  is between 54.7° and 125.3°, as illustrated in Figure 4.6. The experimental results 
represented in Table 4.1 are replotted in Figure 4.6. The experimental results show 
good agreement with the theoretical prediction for dipolar interaction.
54.7°
Attractive 
Zone ^
Repulsive Zone
j 54.7°
Repulsive 
Zone
P Attractive
q Zone
Fig. 4.6. Attraction and repulsion zones for two polarised drops at large 
separation with respect to drop size (see Table 4.1)
According to Williams (1989), the torque, as given by Eq. (4.5) is also 
important as it rotates the drops in order for the pair to become aligned with the 
direction o f the applied electric field. This corresponds to the interaction energy, as 
given by Eq. (4.3), being minimum. Furthermore, the experimental results o f the 
present investigation, as tabulated in Table 4.1, agree well with the theoretical analysis 
given by Williams (1989).
4.3. Effect of the electrode shape and geometiy
From the study o f the two-diop system above, the work progressed to cover- 
two-dimensional systems involving a continuous stream of drops in various designs of
74
electrodes. The ‘driving force’ behind this approach is briefly given in Section 4.3.1. 
The experimental set-up and procedure are described in Section 4.3.2, while the results 
and discussions o f the effects o f several electrode geometries are given in Section 4.3.3.
4.3.1. Introduction
The development and investigation o f new electrode systems to achieve 
satisfactory separation efficiency and more robustness are qualitatively described here. 
A robust system is one in which the separation efficiency is not significantly dictated 
by the physical parameters o f a liquid-liquid dispersion. Examples o f the relevant 
physical parameters are the flow rate, viscosity and density o f the continuous phase, 
and the volumetric concentration o f the dispersed phase. In a typical separator based 
on hydrodynamic forces, such as a hydrocyclone or settling tank, the separation 
efficiency is greatly influenced by the flow rate and properties o f the liquid-liquid 
dispersion. For example, the radial force in a hydrocyclone depends very much on the 
velocity o f tlie liquid.
The electrode systems developed and discussed below are generally for the 
water-in-dielectric-oil type o f system. In all cases below, the water phase was 
coloured red to facilitate visualisation. However, the dye solution reduced the surface 
tension o f the water from about 71 mN/m to about 45 mN/m. Sunflower oil was used 
as the continuous phase. The overall objective o f the investigation described in this 
section is to develop a general electrode geometry, having a separation efficiency that is 
not significantly dictated by the physical properties of the liquid-liquid dispersion being 
processed. Moreover, it is intended to see how the electrode geometry conforms to the 
theory described in Section 4.2.3.
4.3.2. Experimental set-up and procedure
A schematic diagram of the overall experimental set-up is shown in Figure 4,7a. 
The two-dimensional Perspex electrocoalescer was designed in such a way to allow the 
pair o f electrodes to be taken out and modified in terms o f geometry, size and surface 
properties without any major difficulty. A photograph o f the coalescer is given in 
Figure 4.8. A digital video camera, Sony DCR-TRVlOE, was used to observe the 
coalescence phenomenon taking place in the inter-electrode region o f the 
electrocoalescer. The d.c. high voltage supply can produce direct current electric
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potentials in pulse mode (as shown in Figure 4.33) when connected to the pulse 
generator and the electronic high voltage relay unit.
Tanlc 1 Tank 3Pump 2
High voltage 
supply Pump 1B d
-------------  High voltage
Syringe pump electrode
Valve 1 Valve 2
Electrocoalescer
Valve 4 h " 4  Valve 3
Container for 
separated water
Tank 2
Fig. 4.7. The overall set-up o f the electrocoalescer system
The connection o f the positive-polarity d.c. high voltage supply unit (Hunting 
Hi-Volt model from Miles Hi-Volt Ltd.), the pulse generator (0.1 -  999 Hz) and the 
electronic high voltage relay unit is shown schematically in Figure 4.7b. The pulse 
generator is basically used to generate square pulses as the input control signal for the 
high voltage relay unit. The high voltage relay unit essentially consists o f  two triode 
valves (i.e. electron tubes), one connected between the high voltage input and the 
output, and the second valve between the output point and ground. By this means, the 
capacitance o f the cable and the external electrode can be charged to a high voltage and 
then discharged very quickly. A simpler circuit with only one triode valve and a
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resistance could not do this. As shown in Figure 4.7b, one valve is controlled directly 
from the signal input. The grid voltage of the other valve comes through an inverter 
and a fibre optic link to provide electrical isolation o f the control signal. The valve 
heaters are supplied through a small transformer which is driven by a high frequency 
oscillator. With the system shown in Figure 4.7b, the highest pulse frequency that can 
be reliably generated is about 150 Hz, as shown in Figure 4.33.
d.c. high 
voltage 
supply
EHT IN
AnodeFibre-optic
isolator
Inverter
iGrid
-athode OUTPUT
Control
signal
Fig. 4.7b. The schematic drawing of the electrical circuit o f the 
electronic high voltage relay unit
Several electrode geometiies and shapes were investigated, and these are 
illusti'ated and described in Section 4.3.3.
As mentioned above, the liquids used in the investigation were water (with dye 
solution, to facilitate visualisation) and sunflower oil, in the form o f a dispersion of 
aqueous drops in sunflower oil. Using a syringe pump (Model 55-2222 from Harvaid 
Apparatus Inc.), the aqueous phase was pumped through a hypodennic needle into the 
centre o f the tube containing the oil flowing fr om tank 1. In this way, the flow rate of
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the aqueous phase can be controlled very precisely. Aqueous drops were formed by 
the shear force created by the flowing oil at the outlet o f the hypodermic needle, which 
had an internal diameter o f approximately 0.6 mm. Without the flowing oil, the 
aqueous drops produced were observed to be very big. The flow o f the oil phase from 
tank 1 to the electrocoalescer was essentially driven by gravity, with the head o f liquid 
in tank 1 kept constant. The flow rates o f the aqueous and oil phases were 2.0 ml/min 
and 1.8 1/min, respectively. Under these conditions, the average diameter o f the 
aqueous drops produced was about 1.0 mm at the inlet o f the electrocoalescer. The 
drop size was determined from the drop images obtained (under condition o f no applied 
electric field) using an image processing software. The relevant properties o f the 
liquids are given in Table 5.1.
During eaeh experiment, valve 1 was fully open, while valve 2 was used to 
control the flow rate o f the dispersion into the electrocoalescer. The flow rate o f the 
dispersion also depended on the height o f  the oil in tank 1. Any accumulated aqueous 
phase at the bottom o f the coalescer was drained away by valves 3 and 4 into the water 
container, as shown in Figure 4.7. The dispersion flowed from the outlet o f the 
coaleseer into tank 2, where aqueous drops settled and oil from the top was pumped, by 
pump 1 (Diaphragm Pump Model 8000-541-236 from Shurflo Inc.), into the bottom o f  
tank 3. The function o f  tank 3 was to clarify the oil o f any aqueous drops present by 
gravity settling. The relatively clean oil from the top o f tank 3 was then pumped by 
pump 2 (Diaphragm Pump Model 8000-541-236 from Shurflo Ine.) to the top o f tank 1.
High voltage Grounded 
trode
Water/oil
dispersion
Fig. 4.8. A side-view photograph o f  the two-dimensional electrocoalescer
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As mentioned earlier, the two-dimensional electrocoalescer, shown in Figure 
4.8, was made o f Perspex to facilitate visualisation of the coalescence processes within. 
The camera was focused in the region between the high voltage electrode and the 
grounded electrode. A  steady flow of aqueous drops with a uniform drop size in 
sunflower oil was obtained in the electrocoalescer when the pumps were turned on.
4.3.3. Results and discussion
This section discusses the observations obtained using each o f the five specific 
electrode geometiies.
4.3.3.I. The first electrode design
Figure 4.9 shows the first electiode geometiy used in the investigation, 
including its dimensions. The upper electrode is connected to the high voltage unit 
whereas tlie lower electrode is grounded. Due to the converging design of the 
electi'odes, the electric field stiength decreases firom the inlet to the outlet o f the 
electrocoalescer at a given applied electric potential. Initially, both electrodes were 
made of copper strips o f length 205 mm and width 10 mm.
J y-axis
205 mmsO mm direction of flow
Fig. 4.9. The arrangement and geometiy of the first electrode design showing 
the flow direction o f the aqueous-oil dispersion.
Initial investigation showed that this particular electrode design was not 
effective. Observations showed that the drops did not coalesce with each other in the 
inter-electrode region at high oil flow rate. This is not really surprising as the line o f  
the drops is approximately perpendicular to the applied electric field direction, and
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Figure 4.6 indicates repulsion between adjacent drops. However, when the flow rate o f 
the oil was reduced, the aqueous drops were seen coalescing on the grounded electrode, 
as shown in Figure 4.10. The coalesced drops grew to a certain size before being 
carried away by the flowing oil. When the electric field strength was sufficiently high, 
large drops were observed to deform and almost connect the two electrodes, as shown 
in Figure 4.11. This caused short-circuiting o f the electrodes and diminished the 
electrostatic field strength. Consequently, it was clear that the first electrode geometry 
was ineffective, and this led to the design o f  the second electrode geometry, as 
described in Section 4.3.3.2.
Shadows o f drops
Fig. 4.10. Water drops coalescing at the
grounded electrode at low oil flow 
rate
Shadow of drop
Fig. 4.11. A large drop deforms and short- 
circuits the electrodes
4.3.3.11. Effect of a hydrophilic grounded electrode
The lower surface o f the upper electrode in the first electrode design, shown in 
Figure 4.9, was then coated with a very thin layer o f PTFE to make it hydrophobic. 
The upper surface o f the lower electrode, i.e. the grounded electrode, was made 
hydrophilic by depositing a thin layer o f nickel onto it. It was postulated that the 
hydrophilic surface o f the grounded electrode would retain a layer o f the aqueous phase 
for promoting drop-interface coalescence, while the hydrophobic surface o f the high- 
voltage electrode would repel any aqueous drop from accumulating near the high- 
voltage electrode.
One o f the interesting phenomena observed in this system is shown in Figures 
4.12(a -  f). The aqueous drops flowing in the form o f a chain did not coalesce with 
each other in the absence o f an electric field. Under the application o f an electric field.
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the trajectory o f the drops was observed to alter in such a way as to move them more 
towards the grounded electrode. This could have been due to electric double-layer 
charge and/or dielectrophoretic forces in the non-uniform electric field. The leading 
drops probably slowed down as they contacted the grounded electrode and were caught 
up by the drops behind. As shown in Figures 4.12 (a -  f), drop-drop coalescence 
occurred when the drops made contact with the water layer on the surface o f the 
grounded electrode presumably due to the electroclamping effect (Eow et a/., 2002b). 
Figures 4.12(a -  c) show the individual drops coalescing to form a ligament, which 
subsequently broke up again into a number o f larger drops.
(a) At 0.0 ms (b) At 33 ms
At 66 ms
(e) At 132 ms
(d) At 99 ms
(f) At 165 ms
Figs. 4.12(a -  f). Coalescence o f water drops in a chain, at an applied voltage 
of 3.5 kV and 1 Hz pulse frequency
The coalescence o f aqueous drops at the hydrophilic surface o f the grounded 
electrode eventually led to the formation o f a layer o f the aqueous phase on the 
electrode surface, as shown in Figure 4.13. This was observed to increase the
efficiency o f capturing the flowing aqueous drops as the drops coalesced readily into 
the bulk aqueous layer. Moreover, short-circuiting was reduced as large drops tended 
to coalesce more readily with the aqueous layer.
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Fig. 4.13, An aqueous layer formed on the hydrophilic grounded electrode surfece
4.3.3 2. The second electrode design
In the second design, the electrodes were arranged in such a way as to set up an 
electric field almost parallel to the flow direction o f the drops. This was in accordance 
with the principle regarding the drop-drop orientation in an electric field, as discussed 
in Section 4.2.3, which predicts attraction between water drops for this design. The 
relevant dimensions o f the electrodes and their orientation relative to the liquid flow 
direction are shown in Figures 4.14(a and b). The effective length o f the two 
electrodes is 50 mm. The high-voltage electrode has 4 horizontal bars with a uniform 
separation o f 10 mm between bars, whereas the grounded electrode has 5 horizontal 
bars with a uniform separation o f 8 mm between bars.
High voltage 
electrode
50 mm
A
Grounded
electrode
V ) mm
Flow direction 
o f the drops ^
(a) (b)
Fig. 4.14: (a) The dimensions and (b) orientation o f the electrodes, relative 
to the flow direction o f the drops for the second electrode design
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The orientation o f the electrodes is normal to the flow o f the liquid-liquid 
dispersion, as shown in Figure 4.14(b), establishing an electric field in the gap between 
the electrodes, in which the electric field direction is almost parallel to the direction o f  
the flowing drops. This results in attractive electrostatic forces between adjacent 
drops. Though there are attractive forces between drops, if the drop-drop spacing is 
uniform, there is a tendency for the forces to cancel where there is a chain o f drops 
(Williams, 2002). For random spacing between drops, the tendency is for the drops 
close to one another to coalesce first. The coalescence may be due to hydrodynamic 
effects rather than electrical. In a real dispersion, the drops would usually be randomly 
distributed and not monodisperse, which also affects the forces between the drops 
(Williams, 2002).
It is best to design an electrode system that will not significantly disturb the 
hydrodynamics o f the continuous phase, as required in some processes. Figure 4.15 
shows the movement o f the aqueous drops through the electrodes in the absence o f an 
electric field. The perpendicular distance between the electrodes is 15 mm. The 
movement o f the drops indicates that the shape o f the electrode system did not obstruct 
the overall liquid flow to any great extent. In this set-up, the average flow rate o f the 
continuous phase is approximately 1.8 litres per minute, corresponding to a flow 
velocity o f about 0.06 m/s in the electrocoalescer (as the cross-sectional flow area in the 
inter-electrode region o f the cell is about 5x10"* m )^.
DirectioHbf flow
Fig. 4.15. The flow o f the drops without the application o f external electric field
As before, the aqueous phase was injected using a syringe pump (Harvard 
Apparatus 22 Model 55-2222) through a hypodermic needle into the tube containing
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the flowing oil. The internal diameter o f the needle was approximately 0.6 mm. The 
flow rate o f the aqueous phase was about 2.0 ml/min. The internal diameter o f the tube 
containing the flowing oil was 8 mm, and therefore the shear force generated by the 
flowing oil at the tip o f the needle produced uniform-sized aqueous drops with an 
average diameter o f about 1 mm. When the oil was stationary, the size o f the drops 
produced was very big, eventually forming a column o f the aqueous phase in the tube 
containing the oil phase.
According to the findings reported in Chapter 6, drop-interface coalescence 
occurs most readily in an the electric field, and also due to the charging and discharging 
o f the drops in high electric fields (by contacting electrodes). It was therefore 
postulated that the aqueous drops have to contact the electrodes to effect a high 
coalescence rate. The behaviour o f the drops, shown in Figures 4.16 (a-c), strengthens 
this postulate. As shown in Figure 4.16(a), one drop was temporarily in contact with 
the grounded electrode, or more accurately one o f the horizontal bars o f the electrode, 
under the influence o f an externally applied electric field. The drop behind this drop 
coalesced with the drop that was in contact with the grounded electrode, producing a 
larger drop.
^ F f t ^  m
(a) (b)
(c)
Fig. 4.16. The behaviour o f aqueous drops at an applied pulsed d.c. potential 
of 3.0 kV (frequency 10 Hz, and mark-space ratio = 1)
As mentioned above, the contacting o f the drops with the grounded electrode 
seems to be very important, as it charges them. In order to show the influence o f this
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particular aspect, the drops were made to flow in an electric field but through a hole 
between two horizontal bars, as illustrated in Figure 4.17. The drops were separated 
from one another and moving in the same direction. It is clearly shown that the drops 
do not readily coalesce in this particular set-up. This was most probably because there 
was no net force (i.e. cancelling o f attractive forces) to accelerate an individual drop to 
coalesce with the drop in front o f it.
Flow d
Fig. 4.17. No coalescence is observed when the drops did not contact the 
metallic horizontal bar even in the presence o f an electric field
When a large aqueous drop was sitting on the insulating base o f the coalescer 
between the two electrodes and under the influence o f a very high electric field, the 
phenomena o f drop deformation and break-up were observed, as shown in Figure 4.18. 
The mechanisms behind these phenomena, under high d.c. electric fields, are discussed 
in Chapter 5. For a drop diameter o f 1.2 mm and an electrode separation o f 10 mm, an 
electric potential o f  about 3.5 kV is required to deform and break up the drop. 
Therefore, any large drop connecting the two electrodes together, could easily destroy 
the electric field. This is because the aqueous drop, which has a much higher electrical 
conductivity and dielectric constant than the dielectric continuous phase, would create a 
direct path for the electric current to pass from the high voltage electrode to the 
grounded electrode. This immediately reduced the electrostatic field strength in the 
region between the two electrodes.
L I U
Fig. 4.18. Short-circuiting o f the electrodes when the aqueous phase connects them
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From these observations, it can be concluded that an improved electrode design 
should prevent electrical short-circuiting between the high-voltage and the grounded 
electrodes in the presence o f large drops between them. This is to maintain the applied 
electrostatic field. Moreover, the electrodes, especially the grounded electrode, should 
have an optimum number o f horizontal bars to increase the probability o f the drops 
hitting a bar and becoming charged, and, at the same time, minimising the disturbance 
to the flow. The structure o f the grounded electrode can also hold up drops, at least 
temporarily.
4.3.3.3. The third electrode design
In the third design, the shape o f the electrodes was modified to reduce short- 
circuiting and to increase the probability o f drops hitting the metal bars o f the grounded 
electrode. The electrodes were made o f  brass. The high voltage electrode was 
truncated to provide a gap o f 15 mm between the surface o f the Perspex base below. 
Therefore the effective length o f the electrode was 35 mm, as shown in Figure 4.19(a). 
Furthermore, the spacing between horizontal bars was reduced fi'om 10 mm to 8 mm. 
The grounded electrode was further fitted with three vertical rods, making the gaps 
smaller, as illustrated in Figure 4.19(b). The spacing between horizontal bars was 
reduced from 8 mm to 5 mm to increase the probability o f drops contacting the surface 
o f the grounded electrode.
35 mm tnm
50 mm
mm
(a) (b)
Fig. 4.19. The dimensions and orientation o f the second electrode design: 
(a) the high voltage electrode, and (b) the grounded electrode
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Figure 4.20 shows that the modifications to the grounded electrode did not 
significantly hinder the movement o f the continuous liquid phase. Laminar flow was 
still maintained in the system for ease o f study o f the drop trajectory within the 
apparatus. An improvement in the separation o f the aqueous drops from the flowing 
oil, in terms o f drop-drop coalescence, was observed with this electrode design. 
Figures 4.21 (a -  d) show the overall mechanisms involved in this system, i.e. a drop 
coalescing with another bigger drop which is in contact with the grounded electrode. 
In Figure 4.21(d), the resultant bigger drop due to drop-drop coalescence was seen 
leaving the grounded electrode, showing the improvement o f the efficiency o f the 
system to a certain extent.
Flow dirStioj
Fig. 4.20 The flow o f the drops without the application o f an electric field
In this design, the grounded electrode “catches” a drop by presenting more area 
o f cross-bars and rods across the liquid flow. When an aqueous drop touches the 
grounded electrode, it becomes charged and an electrostatic force is set up which 
attracts it towards the high-voltage electrode. Hydrodynamic and adhesion forces 
prevent it from moving forward. Once caught, the drop can then enlarge by 
coalescence as other drops impact with it. In rapid impacts and subsequent 
coalescence o f two drops (and a drop and an interface), a small droplet is often 
produced as a result o f Rayleigh instability, which is discussed further in Chapter 6.
Partial coalescence, due to Rayleigh instability, usually relates to the generation 
o f a much smaller drop as a result o f drop-drop or drop-interface coalescence (Charles 
and Mason, 1960a, 1960b). Partial coalescence can occur, depending on the
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magnitude o f the applied pulsed d.c. electric field and the pulsing frequency (Allan and 
Mason, 1961). The values o f these two parameters should be carefully chosen to 
provide instantaneous drop-drop and drop-interface coalescence. It was therefore 
highly desirable to eliminate the occurrence o f  partial coalescence in order to effect 
good liquid-liquid separation. Partial drop-interface coalescence is further described in 
Chapter 6.
Flow direction ► Flow direction ►
Flow direction Flow direction ►
(c) (d)
Figs. 4.21 (a -  d). The coalescence o f drops occurred when the drops contacted 
the horizontal metallic bar o f the grounded electrode (on the 
right) in a high electric field
The benefit o f truncating the high voltage electrode is illustrated in Figure 4.22, 
which shows that short-circuiting can be prevented even when there is a large drop at 
the bottom o f the region. The large drop eventually becomes a layer o f the aqueous 
phase as a result o f the coalescence o f smaller drops with the large drop resting on the 
base o f the coalescer.
It is important that an electrode system does not actually disturb the flow o f the 
continuous phase to the extent that there is a significant pressure drop across the
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system. For this electrode design, it has been shown that the trajectory o f the drops can 
be maintained the same as that o f the second electrode design under the same flow rates 
o f the continuous and the dispersed phases, as observed in Figure 4.23.
I
Flow direction
Fig. 4.22. Preventing short-circuiting by a drop between the electrodes
X w direction — ►
Fig. 4.23. The trajectory o f  the dispersed drops with no electric field applied
However, small drops sometimes manage to avoid coming into contact with the 
metal surface (i.e. the horizontal bars and rods) o f the grounded electrode. This 
suggests that the design should include a finer mesh on the grounded electrode to 
capture small drops, and a hydrophilic surface to maintain a layer o f the aqueous phase, 
in order to capture bigger aqueous drops. The advantage o f using a hydrophilic surface 
for the grounded electrode for enhancing drop-interface coalescence is given in Section
4.3.3.1.1.
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4.3.3 4. The fourth electrode design
In the fourth electrode design, the main objective was to show that the non- 
uniform distribution o f the electric field would have a detrimental effect on drop-drop 
interaction and coalescence. In this design, the high voltage electrode consisted o f two 
cross-wires and the grounded electrode was a coarse mesh connected to a brass plate 
sitting on the bottom. The distance between the two electrodes was 15 mm. The 
general geometry o f this electrode pair is shown in Figure 4.24. The large gap at the 
bottom o f the grounded electrode allows large drops to pass through, preventing short- 
circuiting between the electrodes. The high-voltage electrode is also shortened for this 
reason. The electric field is not well-defined in view o f the complicated electrode 
geometry. The electric field is usually most non-uniform near the edges and points o f  
both electrodes, especially at the bottom o f the high-voltage electrode. Towards the 
middle o f the inter-electrode space, the field is more uniform.
Without application o f  the electric field, the new design was observed to cause 
significant perturbation to the flow o f the drops approaching the electrodes, as 
illustrated in Figure 4.25. The overall geometry o f this pair o f electrodes seems to 
disturb the flow o f the continuous phase. The mesh on the grounded electrode reduced 
the flow velocity in the inter-electrode region.
High voltage 
electrode
Grounded
electrode
Flow directi
Flow directi 
 ►
Fig. 4.25. The flow o f drops without
application o f the electric field
Fig. 4.24. The geometry and orientation o f the pair o f electrodes
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Due to the non-uniform electric field between the two electrodes, when the 
high-voltage electrode was energised, large drops were observed to be repelled from the 
region between the two electrodes. This shows that the direction o f the electric field is 
very important. The hydrophilic brass plate is believed to retain a layer o f deposited 
aqueous phase, which assists in drop-interface coalescence, as shown in Figure 4.27. 
When the applied potential was very high (i.e. more than 7 kV), the aqueous drops were 
charged and repelled from the brass plate, as shown in Figure 4.28. Presumably, there 
were field lines passing from the high-voltage electrode, between the lower members o f  
the low-voltage electrode, to the ground plate. The ground plate has the same width as 
the low-voltage electrode. This electrode geometry was not fully optimised due to the 
non-uniform distribution o f the electric field. Furthermore, the strength o f the electric 
field and the pulsing frequency are two important features that should be further 
investigated.
r rounded 
lydrophilic 
trass plate
Fig. 4.26. Large aqueous drops moving towards the hydrophilic 
plate at 4 kV, 50 Hz, mark-space ratio = 1
Flow direction
Fig. 4.27. Drops depositing on the grounded hydrophilic plate at 4 kV
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Flow dirt&don
 i* - : Î t «%
Grounded 
ydrophiiic plate
■irliiif ■ âm-
Fig. 4.28. Repulsion o f charged aqueous drops from the grounded plate 
at very high applied potential (at 10 kV)
4.3.3 5. The fifth electrode design
Figure 4.29 shows the geometry o f the fifth electrode design. As with the 
fourth electrode design, the separation distance between the two electrodes is 15 mm, 
while the distance between each horizontal bar in both electrodes is 3 mm. The overall 
dimension o f the grounded electrode is 10 mm by 50 mm. As in the previous designs, 
the electrodes were made o f polished brass. Square pulses with a mark-space ratio (i.e. 
the ratio between the on-period and the off-period o f the applied potential) o f unity 
were used throughout the testing. The applied voltage was varied from 0 to 8 kV.
Grounded
electrodeHigh voltage 
electrode
Flow H  Eclioi rops
Flow direction H
1  •
Fig. 4.29. Electrode geometry Fig. 4.30a. The trajectory o f droplets without
of the fifth electrode 
design
the application o f an electric field
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The trajectory o f the drops for this electrode design is shown in Figure 4.30a. 
The average size o f the inlet drops was about 1.0 mm and their average velocity was 
about 0.06 m/s. Without the application o f an external electric field, drop-drop 
coalescence did not take place in this system, as shown in Figure 4.30a. Therefore, 
any coalescence occurring under an external electric field is basically due to the effect 
of the applied electric field. Figures 4.30b and 4.30c show that most o f the drops 
leaving the grounded electrode are bigger than the inlet drops when electric fields are 
applied. However, when the applied potential was increased to 8 kV, most o f  the drops 
leaving the grounded electrode were observed to be smaller than the inlet drops due to 
drop deformation and break-up. This is shown in Figure 4.30d.
Fig. 4.30b. Bigger drops produced at 
2 kV, 10 Hz, mark-space 
ratio = 1
Fig. 4.30c. Bigger drops produced at 
3 kV, 50 Hz, mark-space 
ratio = 1
♦ •
Fig. 4.30d. Bigger drops produced at 8 kV, 10 Hz, mark-space ratio = 1
From Figure 4.31, it is clear that the electric field strength and pulsing 
frequency had significant effect on the average diameter, d, o f outlet drops produced.
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All the outlet drops leaving the grounded electrode were taken into consideration. The 
images o f all the outlet drops were captured using the digital video camera, and 
subsequently sized with the image analysis software OPTIMAS. Without any electric 
field, the average size o f the drops, c?, was about 1.0 mm. For a given pulsing 
frequency, increasing the applied potential caused d  to increase initially until it reached 
a maximum value at an applied potential between about 2.5 kV and 3.5 kV, depending 
on the pulsing frequency used. Increasing the applied potential further caused d  to 
become smaller, due to drop deformation and break-up that were observed in the test­
cell.
f= 0 .1  Hz
□—f =  1.0 Hz 
f =  10.0 Hz 
f  =  50.0 Hz 
- )K - f=  100.0 Hz
0.0 1.0 2.0 3.0 4.0 5.0 6.0
Applied potential, (kV)
7.0 8.0
Fig. 4.31. The effect o f the applied potential and frequency on the size o f outlet drops
Figure 4.31 further shows that, at an applied potential Vo = 3.0 kV, increasing 
the pulsing frequency from / =  0.1 to 10 Hz, causes d  to increase rapidly. For this 
particular condition, fr*equencies o f 10.0 Hz, 50.0 Hz and 100.0 Hz give almost the 
same value o f d. The characteristics o f the pulses at these frequencies are shown in 
Figure 4.33 (a -  f). One o f the reasons behind this could be the interaction among the
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relaxation time of the particulai* liquid-liquid system, the rise time and fall time 
constants o f the power supply system and the applied frequency.
However, other physical parameters such as the geometry o f the electrodes, the 
flow o f the dispersion and the shape and magnitude o f the pulse, acting on the drops, 
are influential. Therefore, a particular electrode geometry will possibly have an 
optimum electric field strength and an optimum pulsing frequency.
4.4. Effect of pulsing frequency on a single drop
To complement the results reported in Figure 4.31, the effect o f applied pulsing 
frequency on a single aqueous drop in an insulating oil is investigated. Therefore, this 
section reports the vibration rate of a single water drop under pulsed d.c. electric fields 
of various frequencies. The experiments were performed using a set-up, as described 
in Section 4.4.1. The objective o f the work here is to understand the effect o f applied 
pulse frequency, based on the observed vibrational behaviour o f an aqueous drop.
4.4.1. Experimental set-up and procedure
Figure 4.32 shows the apparatus used for the investigation o f dr op vibration in a 
pulsed d.c. field. The grounded metal plate and the high voltage plate, comprising the 
electi'odes, were made o f polished brass. Both plates have dimensions o f 90 mm x 25 
mm. The electrode separation can be varied using the Perspex supports. The 
grounded electrode was fixed in position at the bottom of a Perspex container, while the 
movable high voltage electrode was placed about 40 mm above the groimded electrode. 
The high voltage supply used in this experiment was the same as that described in 
Section 4.3.2.
A single distilled water drop was introduced into the middle of the grounded 
electrode through a hypodermic needle, which was inserted into the system through a 
very small hole in the middle o f the high voltage electrode. In the first instance, 
sunflower oil was used as the continuous medium. Heptane (HPLC grade) was used 
later. A high-speed video camera, Kodak Ektapro HS 4540, was positioned in front o f  
the Perspex container to photograph the vibration o f the drop.
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Fig. 4.32. The set-up used for the investigation o f drop vibration in pulsed d.c. fields
4.4.2. Results and discussion
Square pulses, o f applied potential 8 kV, produced by the high voltage power 
supply are shown in Figuies 4.33(a-f). Potentials lower than 8 kV were observed to 
generate very small vibrations, which were not able to provide good observation. The 
quality o f the square pulse deteriorates as the pulse frequency is increased, as shown in 
Figures 4.33(d-f). However, good square pulses, o f amplitude 8 kV, can be produced 
for the pulse frequency range (0.1 to 120 Hz) applied in this work. The pulses were 
recorded using a LeCroy LC574AM Digital Oscilloscope with Testec High Voltage 
Probe TT-HVP 15HF of ratio 1000:1.
The behaviour o f a distilled water drop in sunflower oil, at an applied pulse 
frequency o f 1.0 Hz (and potential o f 8 kV) is shown in Figures 4.34 (a-e). The drop 
was sitting on the surface o f the grounded electrode. Lq is the difference in height 
between the maximum deformation (as shown in Figure 4.34(c)) and the minimum 
deformation (as shown in Figure 4.34(a)).
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2 s 
2.00 V
(a) Applied voltage waveform at 
pulsing frequency o f 0.1 Hz
.2 •2 .88 V
(b) Applied voltage waveform at 
pulsing frequency o f 1 Hz
9 ----------------28 ms 
2.00 V
(c) Applied voltage waveform at 
pulsing frequency o f 10 Hz
5 m
2 .88 V
rf f
(d) Applied voltage waveform at 
pulsing frequency o f 50 Hz
2 me 
2.00 V < 2.00 V r- —r h- f 1
L -.
(e) Applied voltage waveform at 
pulsing frequency o f 100 Hz
(f) Applied voltage waveform at 
pulsing frequency o f 150 Hz
Fig. 4.33(a -  f). Reasonably good square pulses at an applied potential o f 8 kV
produced by the high voltage system, at mark-space ratio o f unity
...
(a) t = 0 s (b)t = 0.2505 s (c )t = 0.501s (d)t = 0.7515 s (e ) t=  1.002 s
Fig. 4.34 (a -  e). The vibration o f a distilled water drop in sunflower oil at an 
applied pulse frequency o f 1.0 Hz and potential of 8 kV.
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Figure 4.35 shows the relationship between the applied pulse frequency and the 
recorded vibrational frequency o f a 3 mm-diameter distilled water drop in sunflower oil 
at an applied potential o f 8 kV. The vibrational frequency of the drop was determined 
from the sequence o f the high-speed photographic images. The relationship between 
the applied pulsing frequency and the normalised amplitude of vibration o f the diop is 
shown in Figui'e 4.36; presumably the drop got narrower in the other direction as 
volume is constant. The elongational vibration of the drop occurred in the direction of 
the applied electric field. The frequency o f vibration of die drop followed the applied 
pulse frequency linearly (i.e. in a 1:1 relationship) until a limit, above which the drop 
was observed not to respond instantaneously to the effect o f the applied pulse. For the 
distilled water drop-sunflower oil system, the limit was observed to be about 70 Hz, as 
shown in Figure 4.35.
80.0
70.0I
"S' 60.0 
II  50.0
tSs  40.0  o1>
o 20.0
3  10.0 
s
2  0 0
0.0 20.0 40.0 60.0
Applied pulse frequency, f^  (Hz)
80.0 100.0
Fig. 4.35. The relationship between the applied pulse frequency and the recorded 
drop vibration frequency for a 3 mm-diameter distilled water drop in 
sunflower oil at 8 kV applied potential
In Figuie 4.36, the values of the recorded difference in amplitude o f drop 
vibration at a particular applied pulse frequency aie noimalised to Lq, which is defined
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in Figure 4.34. Therefore, for low applied pulse frequencies such as 0.1, 0.5 and 1.0 
Hz, the value o f the normalised amplitude of drop vibration is unity as the drop was 
observed to vibrate to its maximum extent at these low pulsing frequencies. The 
amplitude o f the drop vibration was very small (i.e. almost undetectable) for applied 
pulse frequencies exceeding 100 Hz.
I
I
•s
I
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
0.0 20.0 40.0 60.0
Applied pulse frequency, f  (Hz)
80.0 100.0
Fig. 4.36. The relationship between the applied pulse frequency and the normalised 
amplitude o f drop vibration for a 3 mm-diameter distilled water drop in 
sunflower oil at 8 kV applied voltage
For the distilled water drop-heptane system, and an applied voltage o f 10 kV, 
the limit (above wliich, the drop was observed not to respond to the effect of the applied 
pulse frequency) was about 100 Hz, as shown in Figui'e 4.37. At applied voltages 
below 10 kV, clear vibration o f the drop was difficult to detect. For applied pulse 
frequencies o f 0.1, 0.5 and 1.0 Hz, the value o f the normalised amplitude o f drop 
vibration is unity as the drop was observed to vibrate to its maximum extent at these 
low pulsing frequencies. Similar to the distilled water-sunflower oil system, the 
amplitude of the distilled water drop vibration in n-heptane was very small (i.e. almost 
undetectable) for applied pulse fi:equencies larger that 100 Hz, as shown in Figure 4.38. 
The produced vibration is presumed to set up wave disturbance of the continuous phase 
film between di'ops, thereby enliancing film drainage and drop-drop coalescence.
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Fig. 4.37. The relationship between the applied pulse frequency and the recorded 
drop vibration fr equency for a 3 mm-diameter distilled water drop in n- 
heptane at 10 kV applied voltage
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Fig. 4.38. The relationship between the applied pulse frequency and the normalised 
amplitude of drop vibration for a 3 mm-diameter distilled water drop in n- 
heptane at 10 kV applied potential
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As described in Chapter 3, physical or mechanical vibration is needed to mpture 
or produce a hydrodynamic disturbance to the thin film of oil between two drops or 
between a drop and a bulk phase prior to drop-drop coalescence or drop-interface 
coalescence (Lang and Wilke, 1971; Chatterjee et al., 1996). (However, some studies 
suggest that the intervening oil film is ruptured by electrostatic discharge between 
drops when they are very close to one another.) As indicated in Section 4.4 above, a 
pulsed d.c. electric field can produce the vibration in an aqueous drop assisting in 
inducing coalescence with another aqueous drop or with a bulk aqueous phase. 
(However, vibration o f drops may promote coalescence but it is not necessary as drops 
coalesce when the applied electric field is a constant value, for which the drops do not 
vibrate (Williams, 2002).) As shown in Figures 4.35, 4.36, 4.37 and 4.38, the 
amplitude or intensity o f the vibration depends on the applied pulse frequency. The 
maximum intensity o f drop vibration seems to occur at very low applied frrequencies for 
both aqueous/oil systems. Therefore, to produce the optimum (or required) intensity of  
vibration o f a drop, an appropriate value o f  the pulse frequency should be applied.
4.5. Conclusions
When two drops are airanged in such a way that the line joining the centres of  
the two drops makes zero angle with the direction of the externally applied electric 
field, the electiically-induced dipole interaction force between the drops is largest. It 
has also been shown experimentally and theoretically that drop-drop attraction occurs 
when the angle is less than 54.7° or more than 125.3°. It has been observed 
experimentally that at the angle of 0°, the maximum induced force is able to deform the 
surfaces o f the drops facing each other prior to drop-drop coalescence. Therefore, 
when the experimentally-designed 2-dimensional electrode systems produce an electric 
field o f direction parallel to the general flow direction of the aqueous drops, without 
significantly distmbing the overall flow o f the continuous oil phase, there is an 
optimum pulse frequency and an optimum electric field strength for enliancing drop- 
drop coalescence.
Wlien a pulsed electric field is applied to a distilled water drop, the drop 
vibrates with a frequency that follows the applied pulse frequency until a limit, above
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which the drop vibrates at a lower frequency than the applied pulse frequency. Above 
this limit, the drop also has a much smaller magnitude o f vibration compared to Lq. 
This may influence tlie optimum pulse frequency for maximum diop-drop coalescence 
in a particular physical system. Optimum pulse frequency and optimum electric field 
strength issues are further discussed in Chapter 8.
The groimded plate electrode, when made hydrophilic, is able to retain a layer 
o f water on its surface that enhances drop-interface coalescence, further assisting the 
separation o f the dispersed drops from the flowing continuous oil phase. This is 
beneficial in electrocoalescer-separators where the main objective is to separate the 
dispersed phase from the continuous phase.
Furthermore, five two-dimensional electrode designs have been developed here, 
which show that drop-drop coalescence readily occurs when the electric field is applied 
in the same direction as the line joining the centres o f the two drops, in line with the 
previous theoretical prediction o f the maximum attractive force induced in this way. It 
has also been observed that drop-drop coalescence also occius when the drops are held 
up at the grounded electrode.
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Chapter 5 — Motion, deformation and break-up of aqueous drops 
under high electric fields
5.1. Introduction
The limitations associated with electrocoalescence, such as the deformation and 
breakage o f drops into smaller drops under very high electrostatic fields, can be 
advantageous for other processes such as émulsification o f an aqueous phase into an 
organic phase (Tsouris et al., 1998; Hughes and Pavey, 1981; Sato et al., 1997), and the 
enhancement o f mass and heat transfer rates by providing a larger interfacial transfer 
area (Chang and Berg, 1983; Jog and Hader, 1997). Many chemical processes, such as 
distillation, flotation, stripping and extraction, depend on the generation o f a dispersion 
containing one phase dispersed in anotlier, with the objective o f increasing the surface 
area o f contact for efficient mass and/or heat transfer (Godfrey and Slater, 1994; 
Tsomis et al., 1998). In order to obtain useful information on this aspect o f the 
electrostatic field, there is a need for fundamental investigations to be carried out on the 
behaviour o f aqueous drops in high electric fields. Detailed visualisation studies o f the 
process of drop deformation and detachment in a liquid medium are scant. Even 
though high-speed cine film methods were generally available, they were difficult to 
operate automatically with ease. Furthermore, those few reported in the literature do 
not display good quantitative agreement with the current theory (Vizika and Saville, 
1992). This is possibly due to the fact that the electrostatic effects in fluids are very 
dependent on electrical conduction (Melcher and Taylor, 1969), while the theory 
assumes the continuous medium to be perfectly insulating.
Fundamental investigations o f the break-up of drops in viscous liquid flow were 
carried out by Taylor (1934) and Tomotika (1936). Taylor (1934) developed a theory 
based upon a few assumptions, including small deformation, no slip at the interface, 
and continuous shear stress across the interface. Due to the shear flow o f the 
continuous phase, the spherical drop is deformed into an ellipsoid as the shear force 
becomes larger. According to Clayton (1954) and Hinze (1955), a mechanism usually 
associated witli the disintegration o f liquids, during atomisation and émulsification, is 
the penetration o f ligaments and lamellae o f one liquid into the other. These ligaments 
then disintegrate into drops, which can further form secondaiy smaller droplets (Isaacs
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and Chow, 1992). Drops o f different sizes are usually produced as the ligaments are 
not uniformly thick at the moment of break-up. Hinze (1955) studied the break-up o f  
drops in viscous flow, drops in air flow, and émulsification in turbulent flow, all under 
hydrodynamic forces. The types o f deformation and break-up depend not only on the 
local flow pattern around the drop, but also on the physical properties such as density, 
viscosity and interfacial tension, and liquid flow rate (Hinze, 1955; Kliayat et ah, 
2000). Due to drop deformation, internal flows are created within the drop, causing 
viscous stresses and dynamic pressures. Moreover, the interfacial tension generates a 
surface force to counteract the deformation. Practically, several phenomena occur at 
the same time and any particular dispersion process is also influenced by the shear in 
the system, the viscosity o f the liquids, the interfacial energy, and the presence o f solid 
particles and dissolved substances (Isaacs and Chow, 1992).
Generally, drop deformation and break-up in high electric fields are very 
complex. They not only depend on the strength of the applied electric field but also on 
physical parameters such as the properties o f the two liquids in contact, the orientation 
o f drops in the electric field, and the uniformity of the electric field relative to the drop. 
Before drop break-up can take place, a drop has to be stretched by the electric field to a 
limit where the static force equilibrium is on the verge o f being broken (Hsu and Li, 
1985). Therefore, an understanding o f drop deformation is o f interest.
The currently available literature on drop behaviom* in high electrostatic fields 
does not seem to give a concise view on the actual phenomena taking place prior to 
drop break-up. Moreover, in order to prevent or enhance drop break-up in high 
electrostatic fields, details o f the process of the disintegration stage ar e essential. This 
is addressed in this work by microscopic observations o f drop deformation and 
disintegration caused by an electric field. Furthermore, in this work, the evaluation o f  
the electric field strength required to break an aqueous drop in a dielectric oil is 
performed. The significance o f this field strengtli is that it indicates a limit in the 
prevention of aqueous drop disintegration in electroseparation.
In the experimental work reported here, sunflower oil, calibration oil, and palm 
oil contain inherent impurities such as surface active agents, minerals and protein 
molecules. The interest in tliese oils arises from their technological importance and
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also due to the fact that the conventional processing methods in the chemical industries 
are rather slow and inefficient for the separ ation of dispersed aqueous drops from these 
continuous dielectric oils, and therefore the electro-separation technology is utilised in 
some cases. However, crude oil was not used in the investigation as it is opaque and 
therefore prevents good visualisation. A relatively pure liquid, i.e. n-heptane, has also 
been used here for comparison purposes.
5.2. Experimental set-up and procedure
The arrangement o f  the microscopic test cell used for the experiments in this 
chapter is shown in Figure 4.1. Using die largest available lens magnification, the 
smallest drop size that can be clearly observed is about 0.20 mm in diameter. 
Although this might be quite large in relation to drops in practical emulsions (which is 
usually o f about a few microns), it seems to be reasonable in the present investigation. 
The plan view o f the test cell is shown in Figur e 4.2.
The important properties o f the liquids used in this investigation are given in 
Table 5.1. One o f the criteria in the electrocoalescence technology is that the dispersed 
phase (i.e. the aqueous phase) should have a significantly higher electrical conductivity 
and permittivity than those o f the continuous phase (i.e. the organic oil). According to 
the parameters shown in Table 5.1, the systems o f interest (i.e. aqueous dispersions in 
sunflower oil, palm oil, calibration oil and heptane) satisfy the above criteria.
In this particular investigation, the aqueous phase is tap water with a dye 
solution to facilitate visualisation. However, the addition o f dye reduces tlie surface 
tension o f the water, with respect to the air, from about 72 mN/m to about 45 mN/m. 
Presumably the interfacial tensions are also affected. The surface tension o f the liquids 
was measmed using two techniques, one based on the pendant drop method using a 
contact-angle measuring instrument, AGIO from Kruss GmbH, the other based on a du 
Nouy ring and torsion balance. The surface tension value, listed in Table 5.1, agree 
reasonably with measurements obtained using a torsion balance. Model ‘OS’ from 
Torsion Balance Supplies Ltd. The torsion balance uses a 4 cm circumference 
platinum (du Nuoy) ring. Based on the force required to gently detach the ring from 
the sur face o f a liquid, the torsion balance gives a direct reading o f the surface tension 
of the liquid.
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The conductivity o f the aqueous phase was measured using a conductivity 
meter, Model 4310 from Jenway Products Inc. The conductivity o f the low- 
conductivity oils was measured using the parallel horizontal two-electrode arrangement 
shown in Figure 4.32. In this case, the separation between the two electrodes was 10 
mm. The potential applied to the upper electrode was between 1 and 60 V. The 
voltage supply was from a variable d.c. power supply, ISO-TECH IPS 1603D. The 
cun-ent was measured using an electrometer, Model 6IOC Electrometer from Keithley 
Instruments. The plots o f measured current-applied potential for the all the liquids 
here show that Ohm’s Law holds. The actual electrode geometry (90 mm x 25 mm) is 
not ideal but the approximation should not be too bad. For comparison, the measured 
conductivity o f distilled water is about 4.0 x lO"'* S/m, which is in good agreement with 
the value given in the literature (i.e. in the order o f lO"'^  S/m). Liquid viscosity was 
measured using a cone-and-plate viscometer, Cairi-Med 50 Rheometer from TA 
Instrument Inc., while the density was measured using a volumetric flask. The 
dielectric constant o f  the liquids was obtained from the suppliers and literatiue.
Table 5.1: The properties o f the liquids used in the experiment
Liquids Conductivity 
(pS/m) (± 5%)
Viscosity 
(Pa s) (± 5%)
Surface tension* 
(mN/m) (± 5%)
Density (kg/m") 
(±5% )
Dielecti'ic
constant
Aqueous phase 
(tap water with 
dye)
1.89 X 10" 1.14 X 10'" 45 998 80
Sunflower oil 3.7 X 10 " 4.72 X 10'^ 34 922 4.9
Palm oil 5.0 X 10 " 6.63 X 10'^ 35 921 5.5
Calibration oil 2.0 X 10"* 1.10 X 10'^ 26 856 2.5
n-Heptane
(HPLC)
6.7 X 10-' 4.21 X 10"* 21 682 2.0
*The measured surface tension is with respect to air at 1 atm and 20"C
Antonoff (1907) stated that the interfacial tension of two liquids Xab in 
equilibrium is related to the surface tension of each o f the liquids in the following way:
^ab ~ ^ a A (5.1)
where X„ and Xb are the surface tensions o f tlie liquids a and b, respectively. 
Investigations by Reynolds (1921) and Pomids (1923) confirmed the rule. Later,
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Woodman (1927) also confirmed the rule for the system of aqueous acetic acid/toluene, 
whilst Nellensteyn and Roodenburg (1933) found it to be valid for the system of 
bitumen/water.
Using thermodynamic analysis, Girifalco and Good (1957) introduced the 
following relationship;
K b ~ K  ^  K  ~  (5.2)
where is a function o f the molai' volumes o f the two liquids. Fowkes (1962) 
considered the surface tension o f a liquid to be the superposition o f the hydrogen 
bonding (/z&) and the van der Waals’ forces (v/), where both terms contribute to the 
smface tension o f water. When the other liquid is a saturated hydrocarbon, there is no 
hydrogen bonding term in the surface tension. The attractive forces between the water 
and the saturated hydrocarbon molecules are therefore largely due to van der Waals’ 
forces. According to Fowkes (1962), Eq. (5.2) becomes
K h  = K + K ~ '  ) (5.3)
where is the term due to van der Waals’ forces. The value o f XJ'^  at 20°C for 
water is 21.8 ± 0.7 mN/m (Fowkes, 1962; Williams, 1989).
The interfacial tension o f the aqueous phase (i.e. tap water with dye solution) 
relative to sunflower oil, palm oil, calibration oil and n-heptane systems, calculated 
using Eq. (5.1) and Eq. (5.3), are given in Table 5.2. Eq. (5.1) and Eq. (5.3) give very 
similar* values o f the interfacial tension for the aqueous-n-heptane and aqueous- 
calibration oil systems. However, there are some differences for sunflower oil and 
palm oil systems as Eq. (5.3) may not be valid for unsaturated oil. This is because the 
main components in sunflower oil and palm oil are polyunsaturates. Moreover, the 
interfacial tension o f the liquid-liquid systems was also measured with the torsion 
balance. The measured interfacial tension values, given in the fourth column o f Table
5.2, were used for the subsequent calculations and analysis.
When measuring interfacial tension, it was crucial to ensiue that the ring was 
clean and free fiom contamination o f organic phase liquid. The ring was submerged in 
the water, with the oil carefully being added on top of the water, then slowly brought up
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to the interface to do the measurement. Lighting with the correct brightness and 
position was used to determine the position o f the ring near the interface and also to 
detect any vibration in the liquid-liquid system. The procedure had to be repeated with 
fresh liquids each time as oil tended to stick to the ring. If the interfacial tension were 
very low, there would be a tendency to emulsify just by adding the oil or pulling the 
ring up through the interface. The measurements were repeated until a sufficiently 
consistent and reliable value o f the interfacial tension was obtained for each liquid- 
liquid system.
The n-heptane, which is HPLC grade (with > 99 % purity), was supplied by 
Sigma Aldrich Ltd, while the calibration oil was from Castrol (UK) Ltd. The 
calibration oil consists mainly o f kerosine, highly refined mineral oil and hydrocarbon 
solvents. The sunflower oil was obtained from Tesco Ltd., while the palm oil was 
supplied by the Palm Oil Research Institute o f Malaysia (PORIM).
Table 5.2: Interfacial tension values for the foirr liquid-liquid systems
Liquid-liquid system Interfacial tension 
(from Eq. (5.1)), 
mN/m
Interfacial tension 
(from Eq. (5.3)), 
mN/m
Interfacial tension 
(measured), 
mN/m
Aqueous-sunflower oil 11 25 16
Aqueous-palm oil 10 25 12
Aqueous-calibration oil 19 23 10
Aqueous-heptane 24 23 26
As one o f the objectives was to investigate the values o f the externally applied 
electric field that produce aqueous drop deformation, it was deemed suitable to use a 
direct current (d.c.) electric field. A Hunting Hi-Volt model from Miles Hi-Volt Ltd, 
which had been previously set up to supply a positive-polarity high voltage, was used.
An aqueous drop, o f size about 1.2 mm, was carefully injected at the centre of  
the cell using a hypodermic needle. The drop was allowed to settle to the bottom o f  
the cell before the application o f the d.c. electric potential to the high voltage electrode. 
The applied electric potential (or electric field strength) was gradually increased until a 
critical point was reached, at which the drop started to produce small droplets from a
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sharp tip. The speed o f droplet production is o f the order o f milliseconds. The high­
speed digital video camera was used to obserwe the drop during this transitional stage, 
for the four liquid-liquid systems, under various applied electric field strengths.
The video camera was focused on the centre o f the cell where the drop was 
placed. At other times, the camera could be focused on the whole inter-electrode 
space. Lighting was provided by a halogen lamp (Schott KL1500 from Hampshire 
Micro Ltd), with two flexible fibre optic heads. The light intensity could be accurately 
adjusted to facilitate focusing. The two fibre optic heads were placed above the cell, 
with the lights focused on the inter-electrode space. Moreover, the location of the 
lights is very important in order to minimise any shadow from the drop.
5.3. Results and discussion
Two different cases have been investigated, namely (i) the behaviour' o f an 
uncharged drop in a uniform electric field and (ii) the behaviour o f a charged drop in a 
uniform electric field, as discussed in Section 5.3.1 and Section 5.3.2, respectively. It 
should be taken into account that the drop makes the applied electric field non-uniform 
in its vicinity in the microscopic test-cell. As the separation o f the electrodes (10mm) 
is greater than the electrode dimension (7 mm), there would be non-uniform fields 
towards the edges o f the cell due to fringing effects. Additionally, the Perspex base 
could perturb the electric field.
5.3.1. An uncharged drop in a uniform electric field
This section discusses the effects o f an externally applied d.c. electric field on a 
single uncharged drop (see Section 5.3.1.1). A force balance analysis is applied to 
interpret the effects (see Section 5.3.1.2) and various drop break-up mechanisms are 
discussed (see Section 5.3.1.3).
5.3.1.x. Effects of externally applied electric field
In this part o f the work, a d.c. electric field was applied to evaluate the electric 
field strength required to break an aqueous drop in a dielectric oil. The field strengths 
for the onset of instability, for the systems o f aqueous drops in: calibration oil, palm oil, 
simflower oil and n-heptane, were observed to be about 3.5 x 10^  V/m, 3.8 x 10  ^V/m,
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3.5 X 10^  V/m and 3.5 x 10^  V/m, respectively. The value o f the critical electric field 
for the onset of drop instability is influenced by the initial drop size. A larger initial 
drop will require a lower electric field strength to cause break-up. Melcher and Taylor 
(1969) reported a value o f 3.0 x 10^  V/m for the incipient instability o f a 1-mm 
diameter drop o f ethyl alcohol in hexane.
The deformation o f an aqueous drop, for the four' liquid-liquid systems under 
various d.c. electric field strengths, is given in Figure 5.3. The term ‘deformation’ 
used in Figure 5.3 refers to the ratio o f the major diameter to the minor diameter o f  a 
prolate aqueous drop. The system of an aqueous drop in palm oil has the largest 
deformation, compared to the other three systems for the same electric field, until the 
applied electric field reaches a value o f about Eo = 325 kV/m. As palm oil has a higher 
electrical permittivity, thus higher polarity, than the other dielectric liquids in this 
study, a higher critical electric field is required for the aqueous/palm oil system to brealc 
up. This is because polar molecules have a permanent displacement existing between 
the centres o f ‘gravity’ of the positive and negative charges, and each pair o f charges 
acts as a dipole, which is normally oriented in a random way. The action o f the 
external field is to align these molecules (or their dipoles), to some extent, in the same 
direction. A  strong electric field is therefore needed to produce an additional 
displacement between the positive and negative charges, explaining the reason for the 
higher critical electric field strength required in the aqueous/palm oil system.
The deformation for the system of aqueous-n-heptane is less than that for the 
other systems, until the applied electric field reaches a value o f about 325 kV/m. The 
conductivity (and permittivity) o f n-heptane is very low compared to the other liquids, 
maldng heptane the most dielectric liquid in this study. The system of aqueous- 
sunflower oil has a higher interfacial tension than the systems o f aqueous-palm oil and 
aqueous-calibration oil. High interfacial tension implies high resistance to deformation 
and therefore the deformation o f the aqueous drop in sunflower oil is lower than in 
palm oil and calibration oil.
At low electric field strengths, the extent of aqueous drop deformation in palm 
oil is more than that in calibration oil. However, at high electric field strength (i.e.
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above about 325 kV/m), the aqueous drop deformation in the calibration oil is more 
than that in the palm oil. This depends on the interaction and balance between the 
electric conductivity, the permittivity and the interfacial tension o f the respective 
systems. The permittivity o f calibration oil are much less than that o f palm oil, making 
calibration oil a better dielectric. However, the interfacial tension o f the aqueous- 
calibration oil system is less than that o f the aqueous-palm oil system, making the 
aqueous-palm oil system more resistant to deformation at high applied electric field 
stiengths.
1.9 - aqueous-sunflower oil
1.8 . -H - aqueous-palm oil
1.7 - aqueous-calibration oil
§ 1 .6 - aqueous-heptane
3^1 c
100 150 200 250 300
Applied electric field, E (kV/m)
350 400
Fig. 5.3. Deformation o f a 1.2 mm diameter aqueous drop in sunflower oil, 
palm oil, calibration oil and heptane for a d.c. electric field
Figures 5.4 (a-e) illustrate the behaviour o f a single aqueous drop o f about 1.2 
mm diameter in sunflower oil under various levels of applied d.c. electric field in the 
microscopic test-cell. The average electric field strength is taken as the ratio o f the 
applied potential difference to the separation distance (10 mm) between the two 
electrodes. Figures 5.4(b-d) show that the shape of the drop is spheroidal at low  
applied potentials. At an applied voltage o f 3.5 kV (corresponding to 350 kV field 
strength), the drop becomes unstable and starts to produce droplets. (An example of 
the production o f fine droplets in calibration oil can be seen in Figure 5.8(f).) Figure
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5.5(a-g) clearly show that, at an applied potential o f 4.5 kV, corresponding to an 
electric field strength of 450 kV/m, the mother drop produces a smaller droplet from the 
tip o f the elongated end of the prolate drop. The diameter o f this droplet is about one- 
third of the diameter o f the original drop. It is to be expected that the situation o f a 
drop being in contact with the base o f the microscopic test-cell would, however, affect 
the equilibrium shape o f the drop.
(a) At 0 kV/m
(d) At 300 kV/m (e) At 400 kV/m
Fig.5.4. Plan view o f an aqueous drop (1.2 mm diameter) sitting on the bottom of the 
cell in sunflower oil, at various applied d.c. electric fields (the high voltage 
electrode on the right and the grounded electrode on the left o f the drop)
(a) At 0.0 ms (b) At 0.89 ms (c) At 1.78 ms
(d) At 2.67 ms (e) At 3.56 ms
(f) At 4.45 ms (g) At 5.34 ms
Fig. 5.5. Detachment of a droplet from the mother aqueous drop in sunflower oil 
at an applied electric field strength of 450 kV/m
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  -  (5.4)
As shown in Figures 5.5(a-f), the time required for complete detachment o f the 
smaller droplet from the mother drop is about 4.45 ms. Before the droplet detaches, 
the mother drop is stretched by the electric field into a prolate body, forming an 
elongated end. The break-up occurs at the thinnest point of the elongated end. The 
size o f the droplet depends on the break-up point along the elongated end.
5.3.1.2. Interpretation using force balance analysis
By considering the forces acting on a spherical drop, a simple expression for 
drop break-up can be produced if  drop deformation is neglected. Up until the stage 
where the droplet detaches, the interfacial tension stress is balanced by the disruptive 
electric-induced stress (Williams, 1989),
r ~ 1
where r is the drop radius, X is the interfacial tension, si is the dielectric constant o f  the 
continuous phase, So is the permittivity o f vacuum and E is the electric field strength. 
According to Williams (1989), the magnitude o f the electric field at the surface o f a 
conducting sphere, in a uniform electric field Eq, is given by
E  = 3.Eg cos 6  (5.5)
where ^is the angle fr om the direction o f the applied electric field.
At the poles o f the sphere ( 0 = 0  and ;r), \É\ = 3Eq. Using this value and Eq. 
(5.4), Williams (1989) obtained
= 1 = 0.444 (5.6)X 9
Multiplying Eq. (5.6) throughout by a factor o f 2 leads to a dimensionless parameter on 
the left hand side termed the electrostatic Weber number (Williams, 1989)
=  (5.7)
where Eq in this case is the critical applied electric field strength corresponding to the
onset of instability o f the drop and We is the critical Weber number. The general 
Weber number also has the form of Eq. (5.7) but then Eo is not the critical electric field
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and We is not the critical Weber number. The Weber number indicates the significance 
of the electrostatic stress with respect to the interfacial tension. Its role is similar to 
that o f the Weber number in fluid mechanics (Miksis, 1981). The dimensionless 
constant in Eq. (5.6) is not likely to be very accurate as droplet distortion has not been 
taken into account. Table 5.3 shows that it is overestimated by a factor o f  
approximately 2. In reality, the radius of curvature reduces, at the end o f a drop, as it 
elongates. Using a smaller value o f r in Eq. (5.7) give rise to a smaller value o f Wg (i.e. 
closer to the experimental values).
Taylor (1964) found that a drop would take on spheroidal shape, in an applied 
electric field, and elongate to a limited extent. When the ratio of the lengths o f the 
major and minor diameters attains a value o f about 1.9, the diop would rapidly produce 
a conical end, which would oscillate and eject a liquid jet from its apex.
From Figure 5.3, the critical electric field (i.e. the electric field that corresponds 
to the onset o f drop break-up) for each o f the liquid-liquid systems is close to Taylor’s 
observations. The results o f Figure 5.3 are represented in Figure 5.6 in terms o f the 
electrostatic Weber number, rather than applied electric field strength, where some 
unification is observed for the four liquid-liquid systems. However, the curves are not 
completely unified and this could be due to inaccuracies in the values o f the interfacial 
tensions used in the calculations. Using a complex mathematical analysis, Rosenkilde 
(1969) showed that the value o f dmajor/dminor should be 1.838 for the onset o f drop 
instability with a corresponding electrostatic Weber number o f 0.41. In tlie present 
work, it was observed that drop break-up occurred when the ratio o f dmajor/dminor reached 
about 1.9 (± 5 %), corresponding to a critical Weber number of about 0.49 (see Figure 
5.6). Comparisons with the results o f other workers are shown in Table 5.3. The 
value o f the constant in Eq. (5.6) (i.e. 0.245), for the present experimental results, 
seems to be rather small compared to the constant value given by the simple theoretical 
force balance analysis by Williams (1989), as it may significantly depend on the 
geometry o f the system. The value o f 0.44 by Williams (1989) is only an 
approximation, and an overestimate, as explained on the previous page. All the 
experimental values o f critical Wg are lower and fairly close to one another.
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Aqueous/sunflower oil 
- j g -  Aqueous/palm oil 
—^ —Aqueous/calibration oil 
X -  Aqueous/heptane
0.15 0.20 0.25 0.30 0.35
Electrostatic Weber Number,
0.40 0.45 0.50
Fig. 5.6. The variation o f deformation with the electrostatic Weber number
Table 5.3: Values o f the critical electrostatic Weber number, fV., for various workers
Worker(s)
A
We
(critical)
Remarks
Wilson and 
Taylor (1925)
0.20 0.40 A  soap bubble sitting on a horizontal 
grounded electrode in a vertical electiic 
field.
Macky (1931) 0.17 0.35 Drops (of radius 0.8 mm to 2.6 mm) falling 
in air, under a vertical or horizontal applied 
electric field.
Rosenkilde
(1969)
0.21 0.41 An uncharged incompressible dielectric drop 
in an applied electric field, assuming an 
approximately prolate ellipsoidal shape, by 
theoretical analysis.
Williams
(1989)
0.44 0.88 Simple theoretical force balance 
consideration for a spherical conducting 
sphere in a dielectric medium under a 
uniform electric field.
Present work 0.25 0.49 An aqueous drop in various organic liquids. 
The drop is sitting on the bottom, in the 
centr e of two electrodes in a uniform d.c. 
electric field.
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Moreover, it must be taken into consideration that the drops were sitting on the 
bottom of the cell during the experiments and this would slightly affect their shapes and 
the electric fields in the Perspex cell. Furthermore, in view o f the small electrode size 
(7 mm by 7mm) and relatively large inter-electiode distance (10 mm), the electric field 
in the cell was not very uniform especially in the case of large drops.
5.3.I.3. Drop break-up patterns
As shown in Figure 5.7(a-h), an aqueous drop o f undistorted diameter 1.2 mm 
has been stretched, under an applied d.c. electiic field o f strength 400 kV/m, to produce 
a thin filament that penetrates the palm oil phase at one end o f the drop whereas, at the 
other end, three much smaller droplets shoot out into the oil phase. Figure 5.7(e) is the 
first showing three distinct drops, to the right o f the mother drop, and so it takes about 
3.56 ms for them to be created from the deformed mother aqueous drop in palm oil, 
under this electric field. The three detached small droplets are observed to move 
towards the positively charged electrode. Each of these droplets is believed to have a 
negative charge, which is opposite in polarity to the adjacent electrode, causing them to 
move towai'ds that electrode. This is similar to the effect o f electrophoresis. It is 
interesting to note that the three detached droplets are aligned at right angles to the 
filament, not in line with it, as shown in Figure 5.7(h). It is possible that the thiee 
droplets are moving away from one another due to mutual repulsion. Moreover, the 
filament does not seem to wobble in this case.
As mentioned earlier, the deformation o f a drop o f a relatively conducting liquid 
(for example, water) in a dielectric liquid (for example, insulating oil) has been studied 
extensively in the past. However, the transition stage of the generation o f smaller 
droplets from the mother drop has not been widely analysed. The dynamics o f droplet 
generation can be influenced by the liquid-liquid system itself. This can be seen by 
comparing the photographic sequences shown in Figure 5.7 (for palm oil) and Figure 
5.8 (for calibration oil). In the system of aqueous-calibration oil, the smaller dioplet 
was detached from the tip of the filament and only one droplet was detached at a time. 
Complete droplet detacliment took about 4.45 ms, as shown in Figure 5.8(f).
116
(c) At 1.78 ms (d) At 2.67 ms
(e) At 3.56 ms
(g) At 5.34 ms
(f) At 4.45 ms
(h) At 6.23 ms
Fig. 5.7. The break-up of an aqueous drop o f diameter 1.2 mm in palm oil at an
applied field strength of 400 kV/m, generating three drops at one end and a 
filament at the other end
Sometimes, under very high electric field strength, the mother drop can be fully 
stretched by the electric stresses in such a way as to produce a shape with a very large 
major axis compared to its minor axis. When this happens, two or more smaller drops 
are usually produced, with the mother drop ‘disappearing’ altogether (i.e. splitting into 
two or more drops). As shown in Figure 5.9(a-h), the aqueous mother drop 
disintegrated into three similar drops in n-heptane under an applied d.c. electric field of 
about 500 kV/m.
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(a) At 0.0 ms
(c) At 1.78 ms
(e) At 3.56 ms (f) At 4.45 ms
Fig. 5.8. The break-up o f an aqueous drop of diameter 1.2 mm in calibration 
oil at an applied d.c. electric field strength of about 380 kV/m
(a) t = 0.0 ms (b) t = 1.78 ms
(c) t = 3.56 ms (d) t = 5.34 ms
(e) t = 7.12 ms (f) t = 8.90 ms
(g) t -  10.98 ms (h) t = 11.57 ms
Fig. 5.9. The break-up of a 1.2 mm-diameter aqueous drop in n-heptane at an applied 
d.c. electric field strength o f about 500 kV/m
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5.3.2. A charged aqueous drop moving in oil under the action o f a uniform  
electric field
An aqueous drop which comes into contact with a charged electrode becomes 
charged and then moves rapidly between the electrodes in the presence o f an applied 
d.c. electric field. The magnitude o f the charge acquired by the drop on contacting a 
charged electrode is given by (Lebedev and Skal’skaya, 1962; Cho, 1964; Williams, 
1989):
^ie —
TV ATtr^ (5.8)
The relaxation time o f the continuous phase is assumed to be large in comparison with 
the drop contact time with the electiode so that not much charge leaks away. The 
electrostatic induced force is then given by
Fe =  Qu K  (5.9a)
where Eq is the applied electric field. This requires the drop to be well away from the 
electrode. Lebedev and Skal’skaya (1962) also calculated the force acting on the 
sphere when it was in contact with the electrode:
F = Atv r (5.9b)
where Ç(3) = 1.20206 and f i s  the zeta-fimction. The bracket on the right hand side o f  
Eq. (5.9b) gives a value o f 1.3687 which is quite similar to (= 1.6449) in Eq. (5.8), 
though slightly smaller. According to Williams (2002), electric field non-uniformities 
lead to the force being smaller on the sphere when it is close to the electrode.
Assuming that the charged sphere is moving horizontally with terminal velocity 
[/, the force balance is given by
Fd = F^  (5.10)
where Fe is the electrostatic driving force given by Eq. (5.9a) and Fd is the drag force 
on the sphere given by (Geankoplis, 1993; Bird et al., 1960)
Fd =  Ca
U
■Pc^ (5.11)
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where Cd is the drag coefficient, pc is the density of the continuous phase liquid and A 
is the projected area o f the sphere. This assumes that the drop is not near the walls of 
the microscopic test-cell. Substituting Equations (5.8), (5.9a) and (5.11) into Eq. 
(5.10) and rearranging, gives
2
(5.12)
where U is the velocity o f a single drop, with the assumptions that the drop remains 
spherical, is not accelerating and is far from boundaries. U  may be not be very 
accurate as the charge used, Eq. (5.8), assumes the drop to be spherical, which is not the 
case (see Fig. 5.14). It may be okay for smaller diops, which do not deform so much. 
The internal motion in a drop, which is usually significant (Clift et a l,  1978), has been 
ignored here to simplify the analysis. The drag coefficient, a function o f the teiininal 
veloctiy, can be obtained fi*om the dimensionless Reynolds number using a drag 
coefficient chart (Clift et a l,  1978). As U  is unknown, the “Best number” approach 
could be used (Clift et a l,  1978).
Best number, N j = x 
This gives
I c
Inserting Eq. (5.14) into Eq. (5.12) and reananging, gives
(5.13)
(5.14)
r r (  l 7 t d , E \— P c  S o  SxV 3 j I y (5.15)
After obtaining the value oîNd, Table 5.3 in the reference Clift et a l  (1978) relates W 
(= Log Nd ) to Log Re. For 580 < 1.55 x 10  ^and 12.2 < R e^  10 ,^
LogRe = -1.81391 + 1.34671 IF - 0.1242711^ + 0 . 0 0 6 3 4 4 ( 5 . 1 6 )  
Therefore, by solving the Eq. (5.16), we can obtain the Reynolds number. Re, and 
subsequently calculate for the terminal velocity, U. The results o f the calculation are 
given in Table 5.4.
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Table 5.4: The velocity of the di*op obtained using the “Best number” method
Eo (V/m) N d Re U(m/s)
2.5 X 10" 8.24 X 10" 360.62 0.1779
3.0 X 10' 1.19 X 10' 445.57 0.2206
3.5 X 10' 1.62 X 10' 531.50 0.2639
4.0 X 10' 2.11 X 10' 618.18 0.3076
Using the high-speed video camera, the velocity o f a 1 mm-diameter aqueous 
drop was measured in the microscopic test-cell containing n-heptane, under different 
applied electric field strengths. The drop was in contact with the base o f the cell. The 
drop was observed to slide between the two electrodes. Referring to Figure 5.10, the 
average velocity Uo o f the drop that conesponds to its movement fi-om leaving Position 
2 to arriving at Position 1, then to Position 3 and finally back to Position 2 was 
determined based on the time taken and the total distance travelled which is slightly 
less than 20 mm (because o f the distance from the drop centre to the electrode).
10 mm
High voltage electrode
7 mm
Position 1 Position 2 Position 3
Fig. 5.10. Drop positions for the measurement of the tliree different 
average drop velocities: Uo, U/ and U2
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The average velocity Ui o f the drop corresponds to its movement from ‘jnst 
touching’ on leaving Position 1 to ‘just touching’ on aniving at Position 3, wliile the 
average velocity U2 o f the drop corresponds to tlie movement from ‘just touching’ on 
leaving Position 3 to ‘just touching’ on aiTiving at Position 1. The drop moves 
continuously between the two electrodes, charging and discharging when it comes into 
contact with each electiode, under a constant applied d.c. electric field. The variation 
of the location o f a 1 mm diameter drop with time, as shown in Figure 5.11 for the 
applied potentials o f 2.5 kV and 3.0 kV, implies that the velocity o f the drop in the 
microscopic test cell is quite uniform, with a slightly higher drop velocity near the 
electrodes.
III
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0.0 20.0 40.0 60.0 80.0
Time, t (ms)
100.0 120.0 140.0
Fig. 5.11. The variation o f the distance o f the di op centi e from the charged 
electrode with time, in n-heptane, for applied potentials o f 2.5 kV 
and 3.0 kV
Figure 5.12 shows the drop velocities C/, Uo, Ui and U2 plotted as a function of 
applied electric field strength and allows their comparison. U  is the velocity from 
Table 5.4. Figuie 5.12 clearly shows that all the measured values o f Uq, Ui and U2 are 
smaller than U  for applied electric field larger than about 290 kV/m. Observation
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using the high-speed video photography shows that the drop occasionally deviates fi'om 
its initial spherical shape during movement. Two common non-spherical shapes are 
shown in Figures 5.13(a and b). Figure 5.13(a) indicates that the drop can have a 
conical front-end with a relatively flat back-end, while Figure 5.13(b) shows an 
ellipsoidal shape for the same drop. The difference between the values o f U2 and Uj 
are possibly due to different amounts of chai'ge transfer between the drop and the two 
electrodes.
The difference could also be due to charge leakage. Therefore, it is deemed 
reasonable that the value o f U2 is higher than Ui. When the drop impacts on each o f  
the electrodes, the distance between the drop centre and the electrode surface is less 
than the radius o f the initial spherical drop due to the deformation shown in Figure 
5.14.
0.32 .
0.30 -
X  - 
0.26 -I
0.24.I
0.22 -
I
0.14 4
290270 310 330 370 390250 350
Fig.
Applied electric field, (kV/m)
5.12. Velocity o f a single aqueous drop (diameter = 1 mm) in n-heptane 
for uniform applied d.c. electric field.
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(a) Drop, in n-heptane with cone- (b) Drop, in n-heptane, with ellipsoidal
shaped front-end leaving the high shape leaving the high voltage
voltage electrode electrode
Fig. 5.13. A drop can deviate into different shapes during its movement from the 
high voltage electrode to the grounded electrode
From Figure 5.12, the values o f Uo are between those of U2 and Ui^  under the 
applied electric fields tested. The physical significant of Uo is that it is the average 
velocity o f the drop that includes the types o f behaviour shown in Figures 5.13 (a and 
b) and the effects due to contacting and leaving both the high voltage and the grounded 
electrodes. Besides the drop-shape phenomena shown in Figures 5.13(a and b), the 
drop contacting and leaving an electrode has a significant effect on its average velocity. 
The photographic sequence of a 1 mm diameter drop coming into contact and leaving 
the high voltage electrode is illustrated in Figures 5.14(a-n). Figures 5.14(a-c) show 
the drop approaching the electrode, while Figures 5.14(j-n) show the drop leaving the 
electrode. The transition between the approaching and the leaving stages is shown in 
Figures 5.14(d-i). Because o f the drop impact with the electrode, the surface o f the 
drop parallel to the electrode would be flattened. Due to the complexity of the process, 
as shown in Figures 5.13 and 5.14, the value o f Ui is usually lower than U2 and U3 for a 
given applied electric field. However, the behaviour o f a large drop may be 
considerably different from that of a small drop, which is more likely to retain its 
spherical shape.
The charge induced on the drop by it contacting a charged electrode, as given by 
Eq. (5.8), will gradually leak away through the oil phase by conduction. The double­
layer charge, is bound to the drop and therefore cannot leak away.
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Direction of 
movement 
 ^
■ i _^  t =15 ms
The high
voltage
electrode
(c) t = 3.56 ms
(e) t = 7.12 ms
(g) t = 8.90 ms
(d) t = 6.24 ms
(f) t = 8.01 ms
(i) t = 10.68 ms
D irecSn of
move
(j) t = 12.46 ms
(k) t = 14.24 ms (1) t = 16.02 ms
(m) t = 19.58 ms (n) t = 21.36 ms
Fig. 5.14. The behaviour o f a 1 mm diameter drop, in n-heptane, contacting and leaving 
the high voltage electrode at an applied electric field strength of 250 kV/m
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5.4. Conclusions
Drop deformation depends on the properties of the continuous phase such as the 
electrical conductivity, permittivity, viscosity and interfacial tension with respect to 
those o f the drop. Four dielectric liquids have been used as the continuous phase, i.e. 
simflower oil, palm oil, calibration oil and n-heptane. Generally, the continuous phase 
liquid with the highest value o f the electrical conductivity and permittivity will tend to 
have the greatest effect on the deformation o f a dispersed phase. This is due to the 
induced electric stresses on the surface o f the drop. Moreover, the charges present in 
the more polar liquid can easily accumulate at the interface between the drop and the 
continuous phase, generating higher electrical-induced stresses at the interface. On the 
other hand, a liquid-liquid system with higher interfacial tension will tend to be 
deformed less by an external electric field. However, smaller drops generally are also 
deformed less, compared to larger drops. It has been observed that the onset o f drop 
instability corresponds to the situation when the ratio of the length o f the major axis to 
that o f the minor axis o f the drop is about 1.9, in line with previous observations. This 
gives an electric field strength o f between 3.5 x 10^  V/m and 3.8 x 10  ^ V/m for a 1.2 
mm-diameter aqueous drop in the four liquid systems in the present investigation. This 
corresponds to a critical electrostatic Weber number of about 0.49, which is slightly 
larger than the rigorous value, e.g. 0.41 due to Rosenkilde (1969). Above these field 
strengths, a deformed prolate drop will produce smaller droplets from one or both o f its 
ends. The initial drop size greatly influences the value o f the electric field strength for 
the onset o f drop instability. A  larger initial drop will require a lower electiic field 
strength to cause break-up o f the drop.
Moreover, various types of drop break-up patterns have been observed. One 
end o f a prolate aqueous diop can have a very sharp conical tip while the other end is 
rounded. Even more interesting, one end o f a prolate drop may form a filament 
penetiating into the continuous phase while the other end has a cone shape with 
droplets detaching from it. Sometimes, only one droplet is detached from the mother 
drop. ‘ At other times, a number o f droplets can be produced at the same time, 
orientated at a right angle to the elongated end o f the drop. Moreover, a droplet can be 
detached either from a conical tip o f the deformed diop or fiom the tip o f a filament
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penetrating into the bulk continuous phase. The filament can even break up at 
different points along its lengtli, generating droplets o f different sizes. Prediction of  
the shape is very difficult due to the non-uniformity in the electric field and stress 
distribution at the interface.
When a drop is repeatedly charged and discharged, by contacting the electrodes, 
it will move rapidly to and fro between the electrodes. Agreement between the 
theoretical values and the measmed velocities may not be good as the theoretical 
expression assumes the drop is spherical when it contacts the electrodes. To predict 
the average translational velocity o f the drop, several aspects need to be taken into 
consideration, as shown experimentally in this study. During translation, there are 
instances when the shape o f  the drop deviates from spherical form. Furthermore, the 
shape o f the drop is greatly distorted when it comes into contact with an electrode. 
The theoretical expression probably works better for smaller drops that do not deform 
so much. Additionally, there may be a drag on the drop if  it is in contact with or near 
the base o f the cell. This, o f course, would slow the drop down. The phenomena o f  
drop deformation and break-up, under intense applied electric fields, are complex and 
require more experimental and theoretical investigations.
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Chapter 6 -  The behaviour of a liquid-liquid interface and drop- 
interface coalescence in an electric field
6.1. Introduction
As mentioned in Chapter 2 on the electrocoalescence technology, the 
incorporation o f a bulk aqueous phase to facilitate aqueous drop-interface coalescence 
is commonly encountered in industrial separators. Therefore, it is o f interest to 
investigate the behaviour o f a liquid-liquid interface, leading to drop-interface 
coalescence, under the influence o f an external applied electric field. These are 
described in this chapter. The importance o f drop-interface coalescence is briefly 
highlighted below.
In the chemical and process industries, the common practice to separate the 
dispersed drops from the continuous phase is to use gravitational settlers (Godfrey and 
Slater, 1994; Hartlmid et ah, 1994). Some of the settlers are large in order to provide a 
large interfacial area between the bulk o f the liquid layers to facilitate drop-interface 
coalescence. The heavier dispersed aqueous drops will gravitate through the organic 
phase towards the interface. After sitting at the interface for some time, the drops will 
then coalesce into their own bulk phase which is below the organic phase (Taylor, 
1991; Rommel et ah, 1992; Elton and Picknett, 1957).
In order to increase the separation rate, it is desirable to reduce the residence 
time o f a dispersion in a gravitational settler. This can be achieved by increasing the 
settling speed o f the dispersed aqueous drops towards the interface and/or reducing the 
time the drops sit at the interface prior to drop-interface coalescence. (Drop 
coalescence o f neutral drops in an electric field also leads to increased settling speed). 
High electric fields have been used to separate water-in-oil dispersions in the crude oil 
and extraction industries, as described in Chapter 2. The results presented in Section 
5.3.2 show that a direct current electric field can be applied to increase the average 
velocity o f tlie movement o f a charged aqueous drop in an organic oil between a 
grounded electrode and a high voltage electrode. The continuous phase needs to be 
much more electrically insulating compared to the dispersed phase, in order to facilitate 
the setting up o f an electric field. Therefore, by applying an electric field to a system
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of two layers o f immiscible liquids between two horizontal planar electrodes (where the 
bottom aqueous layer is behaving like a grounded electrode), a charged aqueous drop 
dispersed in the organic oil phase will be accelerated towards the interface below the 
organic phase. A drop can be charged by contacting an energised electrode surface.
Besides investigating the behaviour of a liquid-liquid interface under an applied 
electric field, this chapter also reports the investigation caiTied out on the coalescence 
of an aqueous drop at an aqueous-oil interface facilitated by an externally applied 
electric field. The bottleneck o f the coalescence process between an aqueous drop and 
its own bulk liquid phase is generally the drainage of the thin organic phase film 
trapped between the drop and the interface (Dreher et ah, 1999; Rommel et al,, 1992; 
Eow et al., 2001a). By applying an electric field, the diainage rate o f the organic phase 
film and the subsequent drop-interface coalescence can be enhanced, assuming the drop 
to be charged. Therefore, it is higlily appropriate to first look at the mechanism of  
drop-interface coalescence and its behaviour under an applied electric field, before 
proceeding to the experimental details o f the cuiTent work.
6.2. Drop-interface coalescence
Drop-interface coalescence generally consists of two main stages: film drainage 
and film rupture (Charles and Mason, 1960a; Eow et al., 2001a). On approaching a 
liquid-liquid interface under gravity, a drop usually deforms. This increases the 
contact area with time since the drop surface flatters. The thin film between the drop 
and the interface initially drains away under the gravitational and/or inertial forces, but 
then becomes dominated by viscous forces as the film drains further (Jeelani and 
Hartland, 1991). The critical thickness o f the film is the film’s thickness at which the 
thinning process comes to a halt (Sheludko, 1967). The film will remain at its critical 
thickness for some time before rupturing and the subsequent drop-interface coalescence 
takes place due to external disturbances (Charles and Mason, 1960b; Allan and Mason, 
1961; Brown and Hanson, 1965). (N.B. The drop-interface coalescence time is
generally not critical if  it is less than the settling time of the drop from the bulk phase).
According to Charles and Mason (1960a), the actual drop-interface coalescence 
initiates with the formation o f a hole in the oil film separating the drop and its bulk 
phase. Once a hole o f critical size is formed, it will grow further with an input of
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energy (Sheludko, 1967). The energy balance for the formation o f a hole is determined 
by the energy gain when an unstable film region disappears and the energy lost 
resulting from the increase o f the total surface for the hole formation. According to 
Sheludko (1967), when an imstable film thins, the kinetic energy gain will generally 
increase, wliile the loss o f energy will decrease. Therefore, as thinning progresses, the 
probability of rupture increases (Sheludko, 1967). However, according to Williams 
(2002), the surface energy was transformed into kinetic energy o f the film, which was 
then dissipated by viscous effects.
The time interval between the arrival of a drop at an interface and its subsequent 
coalescence with its bulk liquid phase has been commonly termed as the “rest-time” o f  
tire drop in the study o f the drop-interface coalescence process (Elton and Picknett, 
1957; Charles and Mason, 1960a; 1960b; Taylor; 1991; Rommel et al., 1992). The 
rest-time o f a number o f identical drops has a distribution about an average value, due 
to a var iation in thickness o f the film at rupture (Elton and Picknett, 1957; MacKay and 
Mason, 1963). Elton and Picknett (1957) further observed that the variations in the 
mean rest-time are more significant for large drops. According to Chatterjee et al. 
(1996), a drop produces an oscillation when it reaches an interface. The drop rest-time 
has been defined by Chatterjee et al. (1996) as the length o f time taken between the 
oscillation produced by the drop anival at the interface and the oscillation as the result 
o f drop-interface coalescence. On reaching the interface, the drop usually causes the 
interface to oscillate or vibrate but the drop will comes to rest before coalescing with its 
bulk phase.
Furthermore, Chatterjee et al. (1996) demonstrated a technique based on piezo­
electric transducer for detecting and studying drop-interface coalescence. The piezo­
electric transducer signal consists o f two parts; the first part results fi'om the instability 
induced by drop coalescence at the interface, while the second part o f the signal results 
from the liquid jet generated by the coalescing drop.
■ Accordingly, the rest-time o f a drop at a liquid-liquid interface has a wide 
range of values which are influenced by factors such as temperature fluctuation, 
vibration, contamination, the shape of the interface, the properties o f the liquids and 
drop size (Elton and Picknett, 1957; Brown and Hanson, 1965). In the case o f an oil
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drop, when the film becomes thinner, electrostatic repulsive forces (due to double-layer 
phenomenon) may decrease the rate o f drainage (Hartland et a l,  1994). However, 
when the film thickness becomes very small, van der Waals attractive forces are 
capable o f causing the film to rupture, inducing coalescence between an oil drop and it 
bulk phase.
For the coalescence o f  an aqueous drop with its bulk aqueous phase, Charles 
and Mason (1960a) and Brown and Hanson (1965) observed that increasing 
temperature reduces the rest-time and the stability of the drop at an interface, because 
higher temperature will decrease the viscosity o f the oil film, resulting in more rapid 
film thinning. Dreher et ah (1999) experimentally showed that an increase in the 
viscosity o f the continuous oil phase will increase the coalescence time o f a drop at a 
liquid-liquid interface for Newtonian liquids.
Elton and Picknett (1957) and Charles and Mason (1960a) found that, for a 
given number o f drops, larger drops have bigger values o f rest-time. Moreover, the 
results of Dreher et al. (1999) suggest that the coalescence time o f a drop with an 
interface depends linearly on drop size. Moreover, for easily deformable drops, the 
stability o f the drops at a liquid-liquid interface increases with the size o f the drop, 
implying that the rest-time at the interface decreases with decreasing drop size 
(MacKay and Mason, 1963; Chen et ah, 1998). Bigger drops tend to have larger 
contact ar ea between the interface and the drop, slowing down the process o f drainage. 
However, for drops which resist deformation, the stability tends to decrease (i.e. rest­
time increases) with increasing drop size (Charles and Mason, 1960a).
According to Charles and Mason (1960a), drop flattening occurs during the 
rupture o f the film, which greatly depends on the liquid-liquid system in question. 
Moreover, rupture does not usually take place at the same point in the thinning film and 
can sometime occur at two points at the same time (Charles and Mason, 1960b). The 
expansion o f the ruptured hole is rapid. Furthermore, Chaiies and Mason (1960b) 
suggested that film rupture could take place over a range of film thicknesses.
Elton and Picknett (1957) also investigated the effect of electrolytes with 
multivalent ions on the stability o f the water droplets. Their results imply that ions
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with high valency produce a significant stabilising effect. The stability is, however, 
minimum for bivalent ions. Chen et al. (1998) reported that for aqueous drops in polar 
organic liquids, increasing the concentration of dissolved salts and/or electrolytes 
reduces the time for coalescence. However, this slows down the coalescence of  
organic drops in aqueous phase. Moreover, as observed by Chen et al. (1998), the 
coalescence rate o f the organic drops seems to be proportional to the valency (which 
depends on the electron configuration o f the atom or molecule) o f the electrolytes, but 
the aqueous drop’s coalescence rate was observed to be inversely proportional to the 
valency o f the electrolytes. The results o f Chen et al. (1998) further indicate that the 
coalescence rate o f the aqueous drops in non-polar organic liquids is not significantly 
affected by the species, valency and quantity o f the added electrolytes. However, in 
polar organic liquids, the addition o f electrolytes such as NaOH and HCl increases the 
rate o f drop-interface coalescence o f aqueous drops.
Polar' and non-polar organic liquids have different mutual solubility with water. 
When a polar organic liquid is in equilibrium contact with water, both phases become 
binary solutions (Chen et al., 1998). Addition of electrolytes may modify the 
intermolecular forces and the composition o f the liquids by selective association in the 
liquids. According to Chen et al. (1998), this changes the rate o f coalescence o f liquid 
drops. Due to the addition o f electrolytes, complex interactions such as interactions o f  
ion-organic liquid, ion-water, organic liquid-water and self-interactions o f  these 
components are possible (Chen et ah, 1998). The level o f complexity is much higher 
for polar organic liquids, as reported by Chen et al. (1998). A large quantity o f the 
added electrolytes, which are in the aqueous phase, may significantly enhance the 
activity o f the dissolved organic components and reduce their solubility in the aqueous 
phase. There may not be a significant effect on the water solubility in the organic 
phase as only a very small amount o f the added electrolytes is in the organic liquid. 
When the oil film is very thin, the components in the film become sensitive to other 
substances on both sides o f the film (Chen et al., 1998). Consequently, the effective 
pressure and the solubility o f the dissolved substances become different from those o f  
the bulk phases. The possible separation o f the dissolved aqueous substances may 
cause the film to rupture prematurely as a result of adding electrolytes.
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Allan and Mason (1961) observed that a small quantitiy o f Span-80 suifactant in 
the heptane phase could significantly increase the rest-time o f the water drop at the 
interface. Due to the reduction in the interfacial tension, the water drop sits in a 
marked deformation or depression at the interface before coalescence.
6.2.1. The Effect of Applied Electric Field on Drop-Interface Coalescence
The mean rest-time value o f a drop at an interface can be significantly decreased 
by increasing the rate o f film thinning due to external forces such as an applied electric 
field (Elton and Picknett, 1957). Charles and Mason (1960a; 1960b), MacKay and 
Mason (1963) and Brown and Hanson (1965) also reported that the rest-time o f a drop 
at an interface reduces rapidly (due to rapid increase in the film thinning rate) with 
increasing applied electric field strength. An applied electric field can produce an 
attractive force between a drop and an interface, which can be much larger than the 
gravitational force. This results in an increase in tlie film thinning rate and drop 
distortion, producing a decrease in the stability of the drop, eventually leading to 
instantaneous and single-staged drop-interface coalescence (Allan and Mason, 1961; 
Eow gf aZ., 2001a).
Moreover, the drop in potential across the water layer is insignificant compaied 
to that across the oil layer (Brown and Hanson, 1965). Brown and Hanson (1965) 
argued that this implies that the strength o f the electric field at the interface, rather than 
any induced charge within the aqueous drop, influences drop-interface coalescence. 
Furthermore, Brovm and Hanson (1965) observed an optimum frequency for an 
oscillating electric field at which the critical field strength (which induces instantaneous 
and single-staged drop-interface coalescence) has a minimum value for a given drop 
size. However, this could be a mechanical rather than an electrical effect, as certain 
oscillation frequencies could correspond to the natural vibration or cavitation 
frequencies o f the aqueous drop, and therefore produce forced vibrations leading to 
premature drop-interface coalescence (Brown and Hanson, 1965). Nevertheless, Allan 
and Mason (1961) did not observe any significant difference in the behaviour of a drop 
between using a 60 Hz alternating current electric field and a direct current electric 
field of the same peak field strength.
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According to Mohammed et al. (1993a), the démulsification rate o f a water-in- 
oil dispersion is greatly influenced by tlie condition of the dispersion and the stage it 
has reached at some moment in time. In an electric field, there is an attractive force 
between the charged drop and the interface due to opposite image charges (Allan and 
Mason, 1961). An uncharged water drop will be attracted to a water/oil interface by 
dielectrophoresis. The point o f maximum field strength lies between the drop and the 
interface, and the drop moves towards this point. The attraction force may he much 
larger than the gravitational force duiing the drainage o f the film, reducing the time 
required by the continuous phase film to drain to the rupture thickness. Therefore, 
electric field strength at the interface decreases the mean rest time for a given drop size 
(Hirato et al., 1991) and will eventually cause an instantaneous and single-staged drop 
coalescence.
6.2.2. The Mechanism of Partial Drop-interface Coalescence
The coalescence o f a drop at a liquid-liquid interface often produces a smaller 
drop, as observed by Charles and Mason (1960a, 1960b) and MacKay and Mason 
(1963). During the rupture o f the continuous phase film between the main drop and 
the interface, the excess internal pressure from the curved interface deflates the main 
drop to produce a cylindrical liquid column. The radius of this column decreases due 
to the excess pressure until its circumference becomes smaller than its height. The 
result o f a Rayleigh disturbance, due to drainage and the necking-down process, 
determine tlie resultant secondary chop size (Charles and Mason, 1960b).
Sometimes, a large water drop simultaneously produces two unequal smaller 
diops upon coalescing with the underlying interface. Allan and Mason (1961) reported 
that the oscillating secondary drop was thrown upwaids and then fell wliile the interface 
deformed and needed time to return to its equilibrium shape. Moreover, according to 
Allan and Mason (1961), when a charged drop coalesces into a grounded interface, an 
electiical discharge can occur. As a result of the electrical discharge, the secondary 
drop produced from the partial coalescence of the charged drop would be neutral. The 
rest-time of this particular secondary drop is similar to that o f an unchar ged drop.
Partial coalescence o f  a drop with a liquid-liquid interface can occur when the 
ratio o f the viscosity o f the more viscous liquid to that of the less viscous liquid is
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smaller than 11 (Charles and Mason, 1960b; Chatterjee et oL, 1996; Chen et al. 1998). 
Dining partial drop-interface coalescence, a secondary drop of a smaller size is 
produced at the interface after the coalescence of the original drop, which can be 
repeated several times producing smaller and smaller drops until the residual drop 
becomes very small (Allan and Mason, 1961; MacKay and Mason, 1963; Brown and 
Hanson, 1965). Experiments and theory on partial coalescence o f drops at liquid- 
liquid interfaces have been described by Charles and Mason (1960b), Jeffreys and 
Hawksley (1965) and Nikolov and Wasan (1995).
It has been observed that when an external electric field o f a certain magnitude 
is applied to drop-interface coalescence, the generation o f the secondary dr op does not 
occur (Allan and Mason, 1961; Charles and Mason, 1960a; 1960b). Before reaching 
the critical electric field, the size o f the secondary drop has been observed to be 
inversely proportional to the electric field strength, and the number o f partial 
coalescence stages is reduced with an applied electric field. Moreover, at a higher 
applied field, the coalescence o f  the main drop becomes instantaneous and single­
staged (Brown and Hanson, 1965).
6.2.3. Objectives of the Present Work
Based on the work and results reported so far in the open literature, as described 
in Sections 6.2.1 and 6.2.2, a more detailed investigation should be conducted on the 
effect o f an applied electric field on the behaviour of the interface o f  a liquid-liquid 
system. This is because any disturbance, induced by an applied electric field, on the 
liquid-liquid interface is believed to help promote faster film drainage, eventually 
leading to instantaneous and single-staged drop-interface coalescence. It would 
therefore be interesting to investigate and establish the variation and behaviour o f a 
suitable parameter, with respect to the applied electric potential, on the behaviour o f the 
interface o f a liquid-liquid system, such as distilled water-sunflower oil and distilled 
water-heptane. Moreover, the use o f these liquid-liquid systems is highly relevant to 
the work described in Chapters 4 and 5.
The parameter mentioned in the above paragraph is the measured conduction 
current in tlie liquid-liquid system. The variation of the measured current, with respect 
to the applied electric potential, will be represented as the voltage-current characteristic
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curve for a particular system. Using this information, it is highly likely that the 
behaviour o f the interface o f any liquid-liquid system and/or drop-interface coalescence 
can be predicted by observing the amount of current flowing through the system.
6.3. Experimental Procedure
The experimental cell for investigating the behaviour' o f liquid-liquid interfaces 
and drop-interface coalescence is shown in Figure 4.32. The cell was made of Perspex 
to facilitate visualisation o f the phenomena occurring during the coalescence. The 
electrodes were polished brass plates. The high voltage electrode was attached to the 
movable upper part o f  the cell. The distance between the two electrodes could 
therefore be varied by moving the upper part up or down. Furthermore, this part was 
supported on the upper surface o f the Perspex cell with two cylindrical Perspex pin 
supports. The Perspex block had a thickness o f about 6 mm.
As illustrated in Figure 4.32, the thick Perspex base at the bottom of the cell is 
designed to provide stability to the cell. There is a small hole through the middle point 
of the movable upper part o f the cell and the high voltage brass plate electrode for a 
hypodermic needle to go through. The needle, attached to a syringe, was used to 
introduce aqueous drops into the Perspex cell.
The high voltage electrode was connected to a positive polarity high voltage d.c. 
source. Hunting Hi-Volt model from Miles Hi-Volt Ltd. The bottom electrode was 
grounded. The electrometer used to measuie veiy small currents within the liquid- 
liquid system was a Model 6 IOC Electrometer from Keithley Instruments. The 
electrometer was connected between the low-voltage electi'ode and groimd. A high­
speed digital video camera (Kodak EktaPro HS Motion Analyser 4540), equipped with 
a micro lens (Leica Monozoom 7), was used to observe the phenomena taking place 
during the drop-interface coalescence. The video camera was focussed on the centre o f  
tlie liquid-liquid interface. A halogen lamp (Schott KL1500) with two flexible fibre 
optic heads was used for lighting. The intensity o f the lighting could be accurately 
adjusted to facilitate focusing.
Distilled water was used to produce drops, while the organic phase was either 
simflower oil or HPLC n-heptane. Sunflower oil and n-heptane were chosen as they
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had been used in previous experiments. The relevant properties o f the sunflower oil 
and n-heptane are given in Table 5.1, while the properties o f the aqueous phase (i.e. 
distilled water) are given in Table 6.1. The interfacial tension values o f the distilled 
water-sunflower oil system and the distilled water-n-heptane system were measuied to 
be about 21 mN/m and 35 mN/m, respectively.
Table 6.1: The properties o f the aqueous phase used in the experiments
Liquids Conductivity
(pS/m)
Viscosity
(mPa-s)
Surface
tension*
(mN/m)
Density
(kg/m^)
Aqueous phase 
(distilled water)
100.0 1.00 71 998
*The measured surface tension is with respect to air at 1 atm and 20”C
It is important to have the aqueous phase and the organic oil phase in 
equilibrium before the start o f any experiment. This can be achieved by shaking the 
two phases together and leaving them overnight to separate. Moreover, the density o f  
sunflower oil and distilled water are quite similar and this facilitates experimentation 
because it avoids water drops falling too fast towards the liquid-liquid interface.
Distilled water drops o f different sizes were produced using hypodermic needles 
with different internal diameters. Drop size was observed to be significantly 
influenced by the internal diameter of the needle and the speed o f the syringe plunger 
downwards. The water drops produced were released gently from the needle to avoid 
oscillation o f the drops and were allowed to settle through the oil phase towards the 
aqueous/oil interface. Under no applied electric field, a water drop was observed to sit 
for some time (up to a few minutes) at the interface before coalescing. However, 
when a high potential o f suitable magnitude was applied to the high voltage electrode, 
the drop coalesced very rapidly with the interface. The various results of the 
experimental work aie described below.
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6.4. Results and Discussion
In this section, the results of the voltage-current measurements for the organic 
phases only are first presented, followed by the voltage-cunent characteristics o f the 
water-organic liquid interfaces produced from two immiscible layers o f water and 
organic phase (either sunflower or n-heptane). Finally, the results o f the application of 
an external direct current (d.c.) electric field leading to instantaneous drop-interface 
coalescence are presented.
6.4.1. Voltage-Current Characteristics of the Organic Liquids
It is important to study the voltage-current characteristics o f the organic phase 
liquids, i.e. sunflower oil and n-heptane, at high voltages, as these provide information 
on the electrical behaviour o f the organic liquids such as the Ohm’s law characteristic 
and the electrical conductivity at high electric field strengths such as those used in the 
work reported in Chapters 4 and 5.
Dming the experiment, the inter-electrode region o f the Perspex cell (as shown 
in Figure 4.32) was completely filled with the organic liquid. Initially, the inter­
electrode distance, di, was set at 10 mm and subsequently at 20, 40, 55 and 70 mm. 
This is the inter-electrode distance o f the microscopic test cell used in the work 
reported in Chapter 5. The steady-state current generated at a particular value o f the 
applied direct current potential Vo was read from the electrometer. Direct current 
electric potentials ranging from 1 kV to 30 kV were applied to the high voltage 
electrode at each inter-electrode distance. The voltage-current measurements for 
sunflower oil at different values o f the inter-electrode distance aie shown in Figure 6.1. 
The results imply that the applied voltage-current relationship for sunflower oil is 
reasonably linear for the applied potentials between 0 kV and 10 kV, for each o f the 
inter-electrode distance. At higher applied potentials, the current measurements were 
observed to deviate slightly from lineai- form.
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Fig. 6.1. Current-potential characteristics for sunflower oil at different 
inter-electrode distances, di
Figure 6.2 shows the voltage-current measurements for pure n-heptane at 
different values o f the inter-electrode distance. Similar to the findings for sunflower 
oil, at low applied potentials between 0 kV and 10 kV, the applied voltage-current 
relationship seems to be linear for each inter-electrode distance (not really linear for dj 
= 10 mm). However, at higher applied potentials, the relationship seems to move 
towards a power-law characteristic.
The applied electric field-current relationships for both sunflower oil and n- 
heptane are consequently plotted in Figure 6.3. For a single organic liquid phase, the 
applied electric field strength is simply calculated as the ratio between the applied 
potential difference and the inter-electrode distance. The ratio is more accurate for the 
smaller inter-electrode distances, as there is less electric field bringing. First o f all, it 
clearly shows that the current in sunflower oil is much larger than that in n-heptane 
under the same applied electric field strength. This is expected since tire measured 
conductivity o f sunflower oil is higher than that of n-heptane. The applied electric 
field-ciurent relationships do not seem to be very linear for the organic liquids. There 
seems to be a small range o f values for the measured current (at a particular applied
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electric field) for the two organic liquids. This might be due to the differences in the 
steady-state electric current reading from the electrometer.
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dl = 20 mm 
A _ d l = 4 0  mm 
dl = 55 mm 
dl = 70mm
5 3.0
10 15 20
Applied potential, (kV)
Fig. 6.2. Current-potential characteristics for n-heptane at different 
inter-electrode distance, di
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Fig. 6.3. The applied electric field-current relationships for sunflower oil 
and n-heptane
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However, under high electric field strengtli, Ostroumov (1961) observed that 
departures fi*om Ohm’s law could be possible due to hydrodynamic motion o f the 
dielectric liquid in the inter-electrode region. Inge and Walther (1934) suggested that 
at very high electric fields, o f the order o f MV/cm, departures from Ohm’s law can be 
due to (i) electron emission from the cathode, and (ii) the phenomenon o f Townsend­
like ionisation in the liquid. In the Townsend-like ionisation process, electrons moving 
through the liquid will ionise the liquid molecules. The bigger the inter-electrode 
spacing, the larger is the number o f ions produced by a moving electron and, thus the 
higher is the conduction cunent for a constant applied electric field (Inge and Walther, 
1934; Krasucki, 1968).
However, Krasucki (1968) showed that the increase in the conduction curTent, 
leading to the departure from Olim’s law, is generally due to the movement o f charged 
impurities or particles present in the dielectric liquid. Moreover, Krasucki (1968) also 
pointed out that the conduction curTent decreases with time to a steady level, on the 
application o f a potential difference to a pair o f electrodes in a dielectric liquid. The 
electrodes, having insulating areas, would trap some of the particles there, and this 
makes the particles unable to transfer their charges instantaneously on contacting the 
electrodes. The amount o f particles translating to and fro between the electrodes 
would therefore reduce vdtli time to a point where all the trapping sites are filled, 
resulting in the conduction current reducing with time (Krasucki, 1968). In the present 
experiment, the measured current for the organic liquids was observed to increase to a 
maximum value before it reduced slightly to a steady-state value.
6.4.2. Voltage-Current Characteristics of the Water-Organic Liquid Interfaces
For a layer of an organic liquid on top o f a layer o f distilled water, the relevant 
parameters and dimensions o f the physical system are shown in Figuie 6.4. Liquid 1 
(i.e. the distilled water phase) has permittivity and electrical conductivity C^ v, while 
liquid 2 (i.e. the organic phase) has permittivity Sorg and electrical conductivity Corg, as 
illustrated schematically in Figure 6.4. Ej and E2 are the electiic fields induced in the 
layers o f liquid 1 and liquid 2, respectively, when an external electric field is applied to 
the system. Ei and E2 aie fuither assumed to be normal to the liquid-liquid interface
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and in the same direction (Williams, 1989). Ei will be veiy small in view o f the high 
conductivity o f water.
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Grounded
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7
Liquid 2 
 ^(organic)
Liquid-liquid
Interface
Liquid 1 
(water)
Keithley 6 IOC Electrometer
Fig. 6.4. Schematic diagram of two immiscible liquid layers between 
two horizontal, bare electrodes
The effects o f the height o f the water layer (< )^ and the height o f tlie organic oil 
layer (dg) on the measuied electric current are discussed in Section 6.4.2.1 and Section
6.4.2.2, respectively. This investigation is necessary in order to establish the optimum 
current and the optimum applied electric potential (or electric field) that can be applied 
to a liquid-liquid interface without causing too much distui'bance to its general shape of. 
Moreover, the observed phenomenon o f a Taylor cone is discussed in Section 6.4.2.S.
6.4.2.I. Effect of the height of the water layer (dz)
In this part o f the investigation, the height of the layer o f the organic phase was 
kept constant, while the height o f the water layer below the organic phase layer was 
either 0 or 30 mm. This was possible as the position of the high voltage electrode 
above the organic phase could be changed easily. The effect o f using no water layer 
and subsequently adding a 30 mm distilled water layer to a 40 mm layer o f n-heptane is 
shown in Figure 6.5. Between the applied voltages o f 1 kV and 9 kV, there is 
essentially no significant difference between the two systems. When the applied 
potential is increased above 9 kV, up to 25 kV, there are some differences but these are
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small. However, above Vo = 25 kV, tlie differences are very significant. For 6^ = 30 
mm, the measured electric cuiTents at Vo ~ 25 kV and Vg == 26 kV are about 4.3 nA and 
7 nA, respectively. When the applied potential reaches a value o f 27 kV, the current 
reading becomes quite erratic due to the formation of a cone o f water at the liquid- 
liquid interface. However, at higher applied potentials, the cone grows into a water 
column, contacting the high voltage electrode. When this happens, the high voltage 
supply is automatically shut off due to excessive current in the system.
Figme 6.6 illustrates the effect o f adding a 20 mm water layer to a 20 mm 
sunflower oil layer system. At low applied electric potentials of between 1 kV and 4 
kV, the measured currents for the water-sunflower oil system seem to be reasonably 
close to those for the only sunflower oil system. At higher applied potentials (i.e. from 
5 kV to 8 kV), however, the measured currents for the water-sunflower oil system are 
observed to be higher than those for the sunflower oil system. This could be due to the 
rapid movement o f the charges initially contained in the water layer. A very 
significant difference is observed when the applied potential is above 8 kV, which 
coiTesponds to the ‘turning point’ for the particulai' voltage-current characteristic curve. 
The measuied current at this point is about 12 nA.
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Fig. 6.5. The effect o f the distilled water layer (^2 = 30 mm) on the voltage- 
current characteristic of the n-heptane (dj = 40 mm) system
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Fig. 6.6. Voltage-current characteristic for the case with a water layer
{d2 = 20 mm) and for the case without a water layer (c?2 = 0 mm) 
in the 20 mm layer sunflower oil system
A comparison is now made between the water-n-heptane and water-sunflower 
oil systems at the same values o f d2 and ds. For d2 = 30 mm and di =  40 mm, Figure 
6.7 shows that the turning point for the voltage-current characteristic curve o f  the 
water-sunflower oil system occurs at an applied potential o f about 15 kV (this 
corresponds to a measured current o f about 13.5 nA), while that for the water-heptane 
system occur s at an applied potential o f about 26 kV (this corresponds to a measured 
conduction current o f about 7 nA. This indicates that the voltage-current characteristic 
curve of the water-sunflower oil system achieves its turning point at a lower potential 
(but at a slightly higher conduction current) than tlie water-n-heptane system. 
Moreover, at the applied potentials between 1 kV and 15 kV, the measured currents for 
the water-sunflower oil system are higher than those for the water-n-heptane system, as 
sunflower oil is more electrically conductive than n-heptane.
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Fig. 6.7. Comparison between the water-heptane system and the water-sunflower 
oil system, both at da = 30 mm and da = 40 mm
The physical phenomena occurring during the application o f electric potential to 
the system o f a 35 mm water layer below a 20 mm layer o f sunflower oil is shown in 
Figuie 6.8. The measured currents varied approximately linearly with applied 
potential between 1 kV and 6 kV. However, when the applied potential was above 6 
kV, the measured current was observed to rise rapidly. This is possibly due to a Taylor 
cone that was obsei*ved beginning to form at the interface at Vo = 6 kV, which 
conesponds to the turning point for the particular voltage-cuirent characteristic curve. 
The measured current at Fo = 6 kV is about 5.6 nA.
145
16.0
A t8kV
0 1 2 3 4 5 6 7
Applied potentiaL Vo (kV)
Fig. 6.8. Different behavioural regimes o f the oil-water interface for the
voltage-current characteristic {d2 = 35 mm o f water layer, ds = 20 mm 
o f sunflower oil)
During the experiments, Taylor cone formation was frequently initiated at the 
curved edge o f the liquid-liquid interface. There may be field intensification at the 
edge o f the interface because o f  its curvature. A fully developed Taylor cone was 
observed at an applied potential o f  7 kV, as shown in Figure 6.8, At this potential, the 
measured current was quite erratic, possibly due to significant intensification o f the 
electric field strength at the tip o f  the Taylor’s cone. In the system o f water-n-heptane, 
a jet o f tiny charged droplets were observed to be emitted from the cone apex. The 
formation o f a Taylor cone in this system is further described in Section 6.4.2.3. When 
the applied potential is above 7 kV, there is a sudden formation o f a liquid column from 
the Taylor cone at the interface. The column grows until it contacts the high voltage 
electrode at the top, as shown in the photograph corresponding to the situation o f the 
interface at the applied electric potential o f  8 kV. At this particular moment, the high 
voltage supply is automatically cut off due to excessive current in the electrical circuit 
o f the system.
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The effect o f increasing the height o f the water layer at a constant height o f
the sunflower oil layer is shown in Figure 6.9. For a constant height o f  the 
sunflower oil layer, increasing the height o f the water layer causes the inter-electrode 
separation to increase. Consequently, this reduces the effective electric field strength 
in the system, for a given value o f the applied electric potential Vq. Field uniformity is 
also affected and there is more fringing o f the field at greater electrode separation. As 
shown in Figure 6.9, at low applied potentials, i.e. between 1 kV and 6 kV, the 
measured currents for d2 — 20 mm aie larger than those for d2 = 35 mm. The measured 
currents corresponding to d2 ~  50 mm are the lowest. These results show good 
agreement with the fact that the electiic field is inversely proportional to the inter­
electrode distance. For the three cases, the height of the sunflower oil layer was 
maintained at dj = 20 mm.
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Fig. 6.9. The effect o f the height o f water layer (d )^ on the voltage-cuirent 
chai acteristic for a constant layer of sunflower oil (ds = 20 mm)
From Figure 6.9, it is shown, however, that the turning points o f the voltage- 
current characteristic curves for = 20 mm, 35 mm and 50 mm are at the applied
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potentials o f Vo = 8 kV, 6 kV and 6 kV, respectively. These conespond to measured 
currents o f 12 nA, 5.6 nA and 3.7 nA, respectively. It seems that a thinner layer of 
water has a higher applied potential (and a higher conduction current) at a turning point. 
The percentage o f the water content may be important, so that overall the mean 
conductivity o f the water-oil system decreases as the water layer increases in thickness.
6.4.2.2. Effect of the height of the organic phase layer (dj)
To investigate the effect o f the height o f the organic phase layer on the voltage- 
cuiTent chaiacteristic, the height o f the water layer, d2, is kept constant in all cases. 
Typical results o f the voltage-current characteristic aie shown in Figure 6.10 where the 
layer o f the water phase is maintained at da = 30 mm for different values o f dj. For 
lower values o f dj, the measured cunents are higher due to higher electric field 
strength.
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Fig. 6.10. Voltage-current characteristic for cases where the distilled water 
phase is maintained at Ja = 30 mm high and the sunflower oil 
layer (dj) has different heights
The turning points o f the voltage-current characteristic curves for i/j = 10 mm, 
25 mm, 40 mm and 55 mm are at the applied potentials o f Vo = 4 kV, 11 kV, 15 kV and
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22 kV, respectively. The values conespond to the measured currents o f about 15 nA, 
18 nA, 13.5 nA and 5.4 nA, respectively. Figme 6.10 shows that the average slope of 
the voltage-cuiTent characteristic curve is inversely related to the value o f ds, before 
reaching the applied potential that corresponds to the turning point o f each cui ve. The 
same relationship is also observed for the cuixent values above the turning points o f the 
cuiwes. This is due to the fact that the measured cunent is higher for a smaller 
thickness of insulating material at the same magnitude o f the applied potential 
difference.
As discussed in Section 6.4.2.1, Figure 6.8 shows the voltage-cunent 
characteristic curve, with supporting photographs of the liquid-liquid interface, for a 
water layer of 35 mm and a sunflower oil layer of 20 mm. When the height o f the 
sunflower oil layer is increased to 40 mm, the new voltage-cunent relationship curve is 
shown in Figure 6.11. The turning point for the curve in Figure 6.11 occurs at the 
applied potential o f about 15 kV, which gives a conduction cunent o f about 13.5 nA. 
At this applied potential, the conesponding photogiaph shows that the liquid-liquid 
interface is beginning to deform, especially at the edges. Above an applied potential o f  
15 kV, a cone is clearly observed at the each o f the edges. At this stage, increasing the 
value of the applied potential causes the current to increase rapidly, due to the 
intensification o f the electric field around the tip o f the cone. At = 17 kV, the 
interface becomes highly unstable with the formation o f several Taylor cones. Above 
this potential, a column o f distilled water is produced suddenly.
The behaviour and break-up o f the liquid column are shown in a sequence o f  
photographs in Figures 6.12 (a-j). As a result, the column breaks up and forms a drop, 
which has a diameter o f about 10 mm.
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Fig. 6.11. Different regimes o f behaviour for the voltage-current characteristic
curve at d2 = 30 mm o f distilled water and ds = 40 mm o f sunflower oil
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Fig. 6.12. The behaviour o f the distilled water -  sunflower oil interface at
Fo = 18 kV, with d2 = 30 mm (distilled water layer) and ds ~ 40 mm 
(sunflower oil layer)
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During the initial application o f an electric field to the system of two layers o f  
immiscible liquids, no fi'ee charge is found at the interface (Williams, 1989). 
Therefore, the normal component of the electric displacement is continuous at the 
interface, and this is given by
El = (6.1)
where Sw and Sorg are the peimittivities (or dielectric constants) o f water and organic 
liquid, respectively. Rearrangement o f Eq. (6.1) gives
1 - ^ 7
However, free chai-ges will start to accumulate at the liquid-liquid interface until 
an equilibrium is obtained, due to interfacial polarisation. This is described in detail by 
Williams (1989).
When the electrical equilibrium is achieved in the liquid-liquid system, the 
normal component o f the current density become continuous across the liquid-liquid 
interface, thus giving
c . .  E  ^ =  (6.3)
which after rearrangement, becomes
E~  "  C (6.4)
From Eq. (6.2) and Eq. (6.4), the electric field strength ratio E1/E2 can change 
from its initial value o f Sor^ s^ v to CorJC^v at equilibrium, if  Sorgls  ^^ CorJC^v This can 
happen when liquid 1 is much more conductive than liquid 2 (as in the case o f water as 
liquid 1 and n-heptane as liquid 2).
6.4.2.3. The formation of a Taylor cone
Wilson and Taylor (1925), in their investigation of the bursting o f soap-bubbles 
in an applied uniform electric field, observed that a bubble, placed between two 
metallic plate electrodes, tended to elongate in the direction of the applied electric field 
when the field strength was increased. When the electric field was sufficiently high.
152
the bubble assumed a shape roughly similar to the small end o f an egg. When this 
stage had been reached, Wilson and Taylor (1925) obsei*ved that just a small increase in 
the electric field was able to produce large changes in the bubble shape. The end 
rapidly became narrower and pointed, vibrating rapidly, to produce filaments or tiny 
drops. Finally, the bubble was seen to flatten very quickly. Wilson and Taylor (1925) 
found that for bubbles o f a given shape with different sizes, the surface charge density 
at corresponding points is proportional to the electric field applied.
Taylor (1964) further found that a conical interface between two liquids could 
exist in equilibrium in an electric field when the cone has a semi-vertical angle o f about 
49.3®. The stress at a point on the cone’s surface, due to interfacial tension, is 
inversely proportional to the distance from the vertex, as found by Williams (1989). 
This is balanced by the electrostatic-induced stresses when the electric field normal to 
the cone is inversely proportional to the squaie root of this distance (Taylor, 1964; 
Williams, 1989). The conical interface does not become unstable until the applied 
voltage becomes higher than that for equilibrium. The rapid movement o f the top o f  
the cone towards the vertex of the equilibrium cone is presumably due to the fact that 
the electric field can be locally larger than that required for equilibrium (Taylor, 1964).
In the present work, it is observed that the formation o f a Taylor cone at a 
liquid-liquid interface usually occurs at the curved edge o f the interface, as mentioned 
earlier. This is shown in Figure 6.13(a) for the system consisting o f a 35 mm layer o f  
distilled water below a 20 mm layer o f sunflower oil at an applied potential o f 8 kV. 
Figures 6.13(b-d) show that another Taylor cone is formed. When the interface 
becomes highly unstable, with local intensification o f the electric field at the tip o f the 
cone, a water column or jet is suddenly issued fiom the tip of the cone and penetrates 
the oil layer, as illustrated in Figures 6.13(e and Q. Figures 6.13(g - i) shows that the 
diameter o f the liquid column tends to grow larger, especially at the base o f the column, 
than before. Wlien the continuous water column contacts the high voltage electrode, 
the high voltage supply system automatically shuts off due to excessive cuirent in the 
system.
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Fig. 6.13. The formation o f Taylor cones at the distilled water -  sunflower oil 
interface at an applied potential o f  Fo = 8 kV, c/2 = 35 mm (water 
layer) and ds = 20 mm (sunflower oil layer)
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The necking process o f the liquid column due to interfacial tension and excess 
pressure, as described in Section 6.2.4, is shown in Figure 6 .13(h and i). This results in 
the formation o f a water drop o f about 5 mm diameter, as illustrated in Figures 6.13(j- 
m). At the particular period o f time, corresponding to Figures 6.13(1 and m), the 
interface right below the water drop is curved due to the drainage o f the oil phase, as 
the water drop falls towards the interface. The water drop can sit, in a slightly 
deformed shape, on the interface for quite some time (i.e. rest-time o f the drop on the 
interface) if there is no disturbance to cause drop-interface coalescence, as shown in 
Figure 6.13(n).
During the experiments for the system, with a 35 mm water layer and a 20 mm 
sunflower oil layer, under an applied potential o f 8 kV, Taylor cones were observed to 
form, in equilibrium, at the liquid-liquid interface. Figures 6.14(a and b) show two 
different Taylor cones with etc -  98° ± 2° and 99° ± 2°, respectively. These values 
imply that the semi-vertical angle o f the cones are 49° ± 2° and 49.5° ± 2°, respectively. 
These values are very similar to the value o f  49.3° reported by Taylor (1964). When 
the height o f the water layer was reduced to 30 mm and the height o f the sunflower oil 
layer increased to 40 mm, equilibrium Taylor cones could be seen forming at the 
interface when the applied potential was about 17 kV. A typical cone under these 
conditions is shown in Figure 6.15, where the angle etc has been measured to be about 
98° ± 2°, giving a semi-vertical cone angle o f about 49° ± 2°.
(a) (b)
Fig. 6.14. The formation o f a Taylor cone at the water-sunflower oil interface, 
at the applied potential o f 8 kV, d2 = 35 mm and ds = 20 mm
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Fig. 6.15. The formation o f a Taylor cone at the water-sunflower oil interface, 
at the applied potential o f 17 kV, d2 = 30 mm and ds = 40 mm
6.4.3. Electric Field Enhancement of Drop-interface Coalescence
As described in Section 6.2.4 on the mechanism o f partial drop-interface 
coalescence, during the coalescence o f a liquid drop with its bulk phase, it is likely that 
a secondary drop will form at the liquid-liquid interface. During the experiments, a 
secondary water drop formed at the water-n-heptane interface as shown in the 
photographic sequence in Figure 6.16(a-x). The main drop was about 1.5 mm 
diameter, and the height o f the water and the n-heptane layers were 30 mm and 40 mm, 
respectively. During its fall, the main drop, behaving like a solid sphere, contacted the 
interface but did not coalescence instantaneously with the bulk aqueous phase. The 
drop was observed to sit, in a deformed shape, for a certain period o f time, as shown in 
Figure 6.16(c-g). Figure 6.16(i-n) show the main drop coalescing with the bulk 
aqueous phase, forming a liquid column. As time progressed, the top o f the liquid 
column became narrower, while its base widened, as shown in Figure 6.16(o-r). 
Figure 6.16(s) shows the necking-down process occurring at the thinnest part o f the 
liquid column. The formation o f  the secondary drop is shown in Figures 6.16(t-x). 
The diameter o f the secondary drop was about one-third o f the diameter o f the main 
drop. The secondary drop was observed to sit at the interface for some time before 
coalescing with the bulk aqueous phase below the interface. The ratio o f the viscosity 
o f distilled water to that o f n-heptane is about 2.4 (which is less than 11). Therefore, 
according to the criterion proposed by Charles and Mason (1960b), partial coalescence 
is to be expected (see Section 6.2.2).
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Fig. 6.16. Drop-interface coalescence for the distilled water-n-heptane system, 
showing the phenomenon of partial coalescence with no electric field 
applied
The break-up of a liquid column into drops is discussed by Sherman (1968). 
The necking-down process o f the liquid column occurring here is due to varicose 
deformation of a surface, as proposed by Rayleigh (1892). According to this theory, 
there is a sinusoidal perturbation of the radius of the liquid column. While the axis of  
the liquid column remains straight, the column has alternate swellings and contractions
157
along its length. According to Rayleigh (1892), when the wavelength o f the 
distiu'bance exceeds the circumference o f the original undisturbed liquid column, the 
column becomes unstable and disintegrates to form drops.
For die other liquid-liquid system in the present work, the ratio of the viscosity 
of sunflower oil (i.e. the more viscous liquid) to that of distilled water is about 47.2, 
which is larger than 11, the limit given by Charles and Mason (1960b). When a water 
drop is sitting at the water-sunflower oil interface, the rest-time o f the drop is observed 
to be very large (i.e. more than a few minutes) when no external disturbance is 
presence. When a d.c. electric potential is applied to the high voltage electrode and the 
magnitude o f the potential is gradually increased, the drop suddenly coalesces into the 
interface as soon as the applied potential reaches a specific value. Figure 6.17 shows 
the magnitude o f the applied electric potential required to produce instantaneous drop- 
interface coalescence for different water drop sizes in the system o f distilled water- 
sunflower oil.
2.6
2.4 -
2.2 -CO
1.4
0.8
1.5 2.01.0 2.5 3.0 4.03.5
Drop diameter, d^  (mm)
Fig. 6.17. The applied potential required to produce instantaneous drop- 
interface coalescence for various drop sizes at dj -  30 mm and 
ds = 40 mm for the distilled water-sunflower oil system
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The height o f the water layer and the sunflower oil layer are 30 min and 40 mm, 
respectively. In this physical system, distilled water drops of between 1 mm and 4 mm 
diameter were used. The applied electric potential needed for instantaneous 
coalescence o f the lai'gest di*op conesponds to an electric current o f about 0.84 nA. 
Figure 6.17 implies that a larger di*op would require a higher applied potential to initiate 
instantaneous diop-interface coalescence, as expected, because it is more deformable 
and its surface facing the interface flattens.
6.5. Conclusions
The current understanding o f drop-interface coalescence has been reviewed in 
the first part of this chapter. When a drop reaches a liquid-liquid interface, it will rest 
at the interface for a certain period o f time, which is commonly known as the rest-time 
of the drop at the interface. The thin liquid film, which is trapped between the drop 
and the liquid-liquid interface, will drain to its critical thickness. At this stage, any 
external disturbance induces the rupture o f the oil film, leading to drop-interface 
coalescence. Moreover, it is well known that the coalescence o f a drop at an interface 
can produce a secondary drop, depending on the viscosity ratio o f the liquids. This 
phenomenon is known as partial drop-interface coalescence. The application o f an 
external electric field, o f appropriate strength, can induce instantaneous and single- 
stage drop-interface coalescence.
The effect o f an applied electric field on the behaviour o f a liquid-liquid 
interface has been investigated. Any disturbance, induced by an applied electric field 
on the liquid-liquid interface, promotes faster film drainage, leading to instantaneous 
and single-staged drop-interface coalescence.
Experiments reported here show that the measured electric current, in water- 
sunflower oil and water-n-heptane systems, induced by an applied potential difference, 
increases linearly with the applied potential until a point (tlie ‘turning point’), beyond 
which the measured current is observed to increase very rapidly. For various 
thicknesses of the water and the organic phase layers, the electric current, 
corresponding to the turning point in the voltage-cuirent characteristic curve, has a
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range of values between 3.7 nA and 1.8 nA. Furthermore, it is observed that the 
turning point o f the voltage-current characteristic curve for a liquid-liquid system is 
caused by the formation o f a cone (i.e. a Taylor cone) at the liquid-liquid interface. 
Above the voltage corresponding to the turning point, the intensification o f the local 
electric field above the tip o f the cone is proposed to cause very rapid increase in the 
electric current. Furthermore, the semi-vertical angle o f the induced cones are 
measured to be about 49°, which is very close to the value given by Taylor (1964) as 
49.3°. The optimum value o f the applied electiic field should always corresponds to 
the value o f the induced electric current that should be below 3.7 nA, depending on the 
size o f the drop. This is to avoid the foimation o f Taylor cones, especially at the edge 
o f a liquid-liquid interface. Therefore, the value of the measured electric current can 
be used as a parameter to predict the behaviour of a liquid-liquid interface leading to 
instantaneous and single-stage drop-interface coalescence.
This is fuither supported by experiments on instantaneous diop-interface 
coalescence for the system o f distilled water-sunflower oil. The highest applied 
electric potential needed for instantaneous drop-interface coalescence of the largest 
drop (3.9 mm diameter) corresponds to an electiic current o f about 0.84 nA. 
Moreover, the bigger the drop, the higher the applied potential needed to induce 
instantaneous drop-interface coalescence, as expected.
The investigations reported in this chapter have the potential to contribute to the 
enhancement o f liquid-liquid separation processes in the chemical industries. The 
measuiement o f the electric cuiTent can be used to monitor and control the behaviour o f  
a liquid-liquid interface, thus providing an optimum condition for the enhancement o f  
drop-interface coalescence. This, consequently, will produce an improved separation 
rate o f the dispersed di’ops fi om the continuous phase.
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Ch a p t e r  7 -  Force calculation using Adaptive Finite Element Method
7.1. Introduction
The behaviour o f a sphere or a drop in an electric field is o f paramount 
importance as this fundamental knowledge is crucial, since it is believed that, from the 
knowledge o f a single par ticle or drop, it is possible to postulate the way a dispersion of  
aqueous drops or spherical particles in a dielectric fluid will behave under high electric 
fields.
However, it is not an easy task to experimentally measure the spatial variation 
of the liigh electric field, especially in a dielectric liquid, and thus to measure the 
electrical-induced force on a sphere based on the spatial variation o f the electric field. 
Therefore, in this chapter, the interaction between a charged sphere and two charged 
planar surfaces is investigated using the adaptive finite element method. The 
interaction between two identical charged spheres is also studied in this chapter. The 
two-sphere interaction is representative o f drop-drop interaction when there is no drop 
deformation, especially at large separation distances.
7.2. The formulation of the mathematical model
The differential equation describing the distribution o f electric potential in a 
region where one or more boundaries are at a given potential is given by Laplace’s 
equation (Paul and Nasar, 1987; Hayt, 1989). Analytical solutions to Laplace’s 
equation are limited to special cases (Paul and Nasai’, 1987; Hayt, 1989). For 
interactions between spheres or curved surfaces, some forms o f approximation are 
needed to produce analytical solutions or otherwise a full numerical solution o f the 
nonlinear partial differential equation is necessary.
The two systems under consideration for the present model are: (1) a charged 
sphere in an isotropic uniform dielectric medium imder a potential gradient, and (2) two 
isolated uniformly charged spheres o f radius r that are placed a distance apart. The 
sunounding medium is an unbounded, isotropically unifoim dielectric medium.
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For a homogeneous system containing no free charge, Laplace’s equation is 
given by
W  = 0 (7.1)
where V is the potential. The expanded form of Eq. (7.1) in cylindiical coordinates is 
given by
V ^v = i —r dr r\ dr
which needs to be solved for specified boundary conditions. Due to the rotational 
symmetry o f the system, Eq. (7.2) becomes
r  dr r dr
d^V .
+ ^  = 0 (7.3)
For convenience, dimensionless parameters and coordinates are introduced 
using the substititutions
R = — Z = —r, r^  kT
where rs is the particle or drop radius, qe is the charge on an electron, k is the 
Boltzmann constant and T  is the absolute temperature. This is in accord with the 
normalisation parameters used in the original FEM code o f Bowen and Sharif (1996; 
1997). The normalised Laplace equation becomes
R d R i  d R ,
-
Expanding the first term o f  Eq. (7.4), we get
1 8 T  a^Y „ 
d R ^  ^  R d R  dZ '^
To solve the above equation, the potential 'F and the potential gradient d'F/dA at 
the boundary o f the systems, where N  is the outward normal direction from the 
boundary, should be specified. The electric potentials within the sphere and within the 
medium suiTounding the system are constant. The dimensionless parameters o f  
relevance are the reduced potential the normalised particle radius R, the ratio o f the 
sphere radius to the distance between the two walls, and the normalised distance of  
closest approach o f a sphere surface to one o f the walls.
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In order to obtain the interaction forces for both cases, one possible method o f  
solution is to calculate the free energy o f interaction for each o f the systems and then to 
differentiate it witli respect to the separation distance in order to calculate the force. 
According to Bowen and Sharif (1997), the total electrostatic free energy o f a system, 
in terms o f the dimensionless free energy (Gje *)» is given by
G je * (7.6)rCjte =  -£ 7 1  -----
where f i s  the permittivity o f the continuous phase, with Gte* given by
Gto * = f  f  [2(coshY -  l) + |V'Pp]RdRdZ (7.7)
in cylindrical coordinates (Bowen and Shaiif, 1997), where T  is the potential calculated 
from the finite element formulation. To obtain the values of G t e * ,  Eq. (7.7) is solved 
numerically by the finite element method for 'F, d'F/dR and d'F/dZ. It is possible to 
compute the interaction o f two charged bodies for constant suiface potential or constant 
surface charge (Bowen and Sharif, 1997; 1996). In the present work. Equations (7.5) 
to (7.7) are solved for the conditions o f constant surface potential.
Furthermore, the free energy o f interaction, which can be defined as the change 
in the total free energy as two bodies are brought to a given separation from infinity, 
can be given non-dimensionally as (Bowen and Sharif, 1997; 1996):
AGm * (L) = G™ * (L) -  G ^  * (» )  (7.8)
where G t e * ( ° o)  is the free energy at infinity and G t e * ( L )  is the free energy o f the 
paificular configuration. Moreover, the interaction between a charged sphere and two 
charged walls at a given distance L from the wall can be written as
A G ^ * ( L ) = G ^ e * ( L ) - G s * - G „ *  (7.9)
with the free energy at infinity, Gte*(°o), substituted with Gs* (i.e. the dimensionless 
electrostatic free energy for the single isolated sphere) and Gw* (i.e. the dimensionless 
electrostatic fr ee energy for the two walls).
The electrostatic force acting on the sphere can be obtained in two ways. 
Firstly by differentiating Eq. (7.8) or Eq. (7.9) for A G t e * ( L )  with respect to the 
separation L (Bowen and Shaiif, 1996),
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 ^  ^ aL (7.10)
and secondly by integrating the Maxwell stress tensor T over the surface o f the sphere 
(Bowen and Sharif, 1997). Using the dimensionless parameters, the expression for the
dimensionless force, F*, normalised by[e;r(A:2%^gy], over the sphere surface for 
constant surface potential, and due to symmetry, has been shown to be (Bowen and 
Sharif, 1997):
F* = jJ |V T | COS# sin#  d #  (7.11)
where R is the dimensionless sphere radius.
Similarly, the dimensionless force, F*, between two identical spheres can be 
obtained by integrating over tlie mid-plane (Bowen and Sharif, 1997) as
F* = rJo 2(coshT  -  l) +
"0T
ÔR
\2
dz R dR  (7.12)
Cai'nie et a l  (1994) also showed that a more accurate result for the interaction force 
between two spheres can be obtained by integrating over the mid-plane rather than by 
integrating over the sphere surface. This is because the integrand in the first method is 
always positive, while the integrand changes sign in the second method resulting in 
some level o f cancellation in the final integral that gives loss o f significant figures.
The first method, which using Eq. (7.10), requires the differentiation o f the free 
energy o f interaction, for which a set o f data is required, while the second method, 
which using Eq. (7.11), calculates the force directly with less computational effort. 
The force in dimensional form for both methods is given by (Bowen and Sharif, 1997; 
1996)
V = S7T —  F* (7.13)
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7.3. The present Adaptive FEM approach
The FEM, in common with any other numerical method applied to an 
engineering problem, produces a solution which approximates the desired (but 
unknown) true solution (Lewis and Ward, 1991). To understand the quality o f the 
approximation, a basic understanding of the underlying principles is desirable. The 
eiTor in a numerical solution o f the Laplace equation for electrostatic interactions has 
two sources: (1) the error due to the physical representation, and (2) the error from the 
numerical approximation (Jayaraman, 1991; Bowen and Sharif, 1997). The error from 
the physical representation changes with the model system in the calculation, with 
larger errors being generated from more complicated systems due to a less realistic 
physical representation by the model. The error from the numerical approximation is 
intrinsic to all numerical algorithms. The quantitative arralysis of numerical errors is 
feasible and constitutes the important part o f the accuracy assessment o f a numerical 
procedure (Bowen and Shaiif, 1997). The easiest method to determine the numerical 
error o f a specific algorithm is to apply it to a system where the model accurately 
represents that system.
The FEM in the present work, which involves formulating and assembling 
partial differential finite element equations, uses the weighted residual concept and the 
Newton sequence technique to solve the resulting discrete system. Provided that a 
good initial guess is made, the Newton sequence will usually converge within three 
iterations (James and Williams, 1985). The method o f weighted residuals is actually a 
way of reducing the number o f  independent variables or the domain dimensions. The 
basic idea o f tlie method is to approximate the solution of the problem over a domain 
by a functional form called a trial function. The form of the trial function’s form is 
specified but it has adjustable paiameters within it. The trial function is chosen so as 
to give a good solution to the original differential equation.
In the present study, the Galerkin method with nine-noded quadrilateral 
elements is used to reduce the order o f the highest partial derivatives. Figure 1 shows 
a typical nine-noded quadrilateral element. Quadrilateral elements give solutions 
which aie less sensitive to mesh design, and the 9-node Lagrangian element has been 
fovmd very effective (Sharif, 1991; Silvester and Feiraii, 1996). Two-dimensional 
Lagrangian shape functions can be generated using the products o f one-dimensional
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shape functions. Within an element, potential components aie approximated by 
quadratic functions defined at nine element nodes; four at the vertices, four at the mid­
side and on at an internal node (see Figure 7.1). The sub-division of the problem 
usually leads to non-rectangulai* elements or elements with curved sides. The 
transformation from the parent element to a general quadrilateral o f arbitrary shape 
with straight or cuiwed sides can be generated by mapping the reference element into 
global coordinates.
(2) =node
Fig. 7.1. Nine-node quadrilateral element
The weighted residual concept is then used to approximate the solution function 
over each finite element domain. Cai*e needs to be taken to ensure continuity o f the 
dependent variables and their first partial derivatives in moving from element to 
element. Partial differential equations are therefore transformed into a set o f ordinary 
differential equations in time, in matrix form, for each element. The second-order FE 
basis functions on each element are associated with nodal points and are applied to 
represent the variations o f the field variables within the elements. Once such equations 
are formulated for all the elements, the global matrices are then assembled, resulting in 
a set o f non-linear simultaneous equations which are solved using an iterative method. 
Simple successive substitution o f previously generated potential values in the iterative 
procedme fails to give convergence. Therefore, the very highly non-linear 
characteristic o f the problem requires the application of special techniques to promote 
convergence, which can be achieved by utilising a weighting factor related to the 
previous updated potential values.
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The main setback o f the FEM is its computational complexity, arising from the 
use of large matrices. This can be solved by using powerful computers and special 
algorithms. The accmacy o f an FEM solution depends mainly on the selection of 
appropriate meshes (Bowen and Sharif, 1997), requiring specific knowledge or else the 
use o f an automated meshing and re-meshing procedure or technique. A ‘mesh 
generator’ is an automatic procedure for generating all the information in an element 
topology block. The information includes the coordinates o f  each node, the node 
numbers attached to each element and to the boundary elements. An adaptive 
remeshing technique for the solution o f the Laplace equation is employed here. The 
posteriori error estimator by Zienkiewicz and Zhu (1992a,b) is utilised here to estimate 
the error in the potential gradient, providing the information to generate a new mesh to 
achieve the preset accuracy. A  mathematical description o f the FE error estimation is 
provided by Bowen and Sharif (1997).
The concept o f the adaptive mesh regeneration procedures used in this work is 
based on error analysis to determine which region o f the mesh requires refining, and 
then to adapt the mesh with differing element sizes automatically for the situation. 
Furthermore, the FEM has the advantage o f variation in the density o f the meshes as 
required, and therefore it can be easily adapted to irregular structures. The error is 
calculated in each element, and then compared with a predetermined limit. For a given 
accuracy o f the simulation, each element is expected to have roughly the same level o f  
error. Thus, any element with an error larger or smaller than this predefined error, is 
modified to match the level o f this predefined error. This procedure is repeated until 
every element contains the same predefined, allowable enor. The percentage error in 
the FEM is actually a global value predicted for the entire domain o f solution where 
regions with higher gradients than others might exist. A global target error o f 1 % is 
applied in this work. At this stage, an optimum mesh is obtained where the number of 
degrees o f freedom required for a given level o f accuracy is minimum. The procedure 
for the error estimation in this work is the same as the one outlined for electiostatic 
interaction by Bowen and Sharif (1997).
The mesh refinement phase has two distinct approaches: h-refinement or p- 
refinement. In h-refinement, the subdivision size o f the mesh is further reduced, while 
p-refmement increases the order o f the polynomial approximation within an element.
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The p-refînement has some advantages such as higher efficiency and faster 
convergence. However, it requires restructuring or rewriting an existing FE 
programme. Thus h-refinement is more universally used (Bowen and Sharif, 1997; 
Bbuska and Rheinboldt, 1979; 1978), as in this work. The combination o f h- 
refinement and the advancing front-type mesh generator (Sienz, 1994; Weatherill, 
1988) produces a highly effective technique for Hie automatic adaptive analysis 
proceduie used in this work.
Furthermore, the h-refinement proceduie consists o f two possible choices: mesh 
regeneration and element subdivision. The foimer completely regenerates the mesh in 
regions with high eiTors or over the whole domain. One advantage with this technique 
is that the mesh in a region can be coarsened if  the calculated error is below the preset 
error (Bowen and Sharif, 1997). This approach, which is used in the present work, 
generates an optimal mesh where every element has roughly the same level o f error. 
The element subdivision method requires that any element, with an error larger than the 
preset error, is subdivided into two or more smaller elements. An algorithm showing 
the basic steps in the h-adaptive analysis employed in the present work is given in 
Figuie 7.2.
Therefore, the selection of meshes is important in the FEM work, as the number 
of nodes, and the size and location o f the elements significantly affect the accuracy o f  
the results. A more accurate solution can be achieved by decreasing the size o f the 
element. However, the computational time and memory requirement would have to be 
increased. Extensive tests have been performed to ensure that the meshes used in all 
the simulations in this work were optimised in terms of simulation time and accuracy. 
Without the automated mesh refinement incorporating error estimation utilised in this 
work, calculations would be very laborious as mesh refinement would then have to be 
performed manually by trial and error (Bowen and Sharif, 1997).
Integration o f the results from the solution of Laplace’s equation over volume 
gives the electrostatic free energy of interaction o f the sphere and the wall at all 
distances. Differentiation o f this free energy with respect to the distance results in the 
electrostatic force o f interaction.
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/  Enor x^Error (estimated) > Error (preset) 
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Error (estimated) < Enor (preset)
END
A  Starting' 
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Results
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the Enor 
Distribution
Fig. 7.2. Algorithm showing the basic steps of the h-refinement adaptivity 
in the present adaptive finite element method
7.4. Results and Discussion
The results for the interaction o f a charged sphere between two charged walls 
and for the interaction between two identical charged spheres are presented in Section 
7.4.1 and Section 7.4.2, respectively.
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7.4.1. A charged sphere between two charged walls
Figuie 7.3 illustrates the geometry o f the system, consisting o f a half-sphere (or 
a hemisphere or a semi-circle rotated about the axis of symmetry) between two parallel 
walls. The radius of the sphere is and the distance between wall 2 and the sphere 
surface is The walls are actually veiy long compared to the size o f the sphere, in 
order to reduce edge effects o f the electric field. The distance between the walls is 
specified by the ratio o f the diameter o f the sphere to the separation distance between 
the two walls, as well as the radius of the sphere. In the present work, a wall-wall 
separation of lOr^  is used. In order to simplify the analysis, a half-sphere is considered 
due to the symmetiy o f the system.
This boundary represents infinity
WalllWall 2
Fig. 7.3. The geometry o f the system o f a charged sphere between two charged walls
A typical mesh used for the calculations is shown in Figure 7.4. The mesh was 
produced by an automatic mesh generator programme to achieve a preset level o f error 
of 1 %. In the regions near to wall 1, it can be seen that the mesh is much finer than 
the mesh in the regions near to wall 2. This is because the potential gradient (or 
electric field) between wall 1 (at 3000 V) and the sphere is much larger than that
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between wall 2 (grounded) and the sphere. In Figure 7.4, the applied potential o f wall 
1, which is 3000 V, corresponds to a normalised value o f 1.187 x 10 .^ In this 
application, the surface potential o f  the sphere is very small (i.e. set to about + 40 mV) 
compared to the applied potential at wall 1.
Normalised
potential
values
I  0.109E06 
:  0.971E05 
0.850E05 
0.755E05 
0.612E05 
0.540E05 
0.412E05 
0.324E05 
0.216E05 
0.102E05
Fig. 7.4. The meshes and contours o f the reduced potential for a sphere between 
the two planar walls, with 3000 V at wall 1 and 0 V at wall 2.
The above arrangement resembles that o f the electrophoretic phenomenon 
occurring in an electrostatic separator. A knowledge o f the resultant force acting on a 
charged sphere is important in processes such as in electrophoresis applications and in 
drop-interface coalescence, for the determination o f  the approach velocity o f  a sphere 
towards a charged wall or an interface due to the applied electric field. Before 
proceeding with the analysis o f  the two cases o f interest, it is essential to establish the 
accuracy o f the FEM with a simple case where an analytical solution is available. An 
analytical solution for the interaction force between a sphere and a conducting plane
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has been given by Feynman et al., (1964), based on the method o f images, Gauss’ 
theorem and Coulomb’s law:
P  " 7 , 7  \2 ^  (7.14)
where d^ v is the distance between the sphere surface and the wall, Vs is the radius o f the 
sphere, Sq is the permittivity o f the vacuum and si is the dielectric constant o f the 
continuous phase. Eq. (7.14) is an approximation as it tends to break down as it is 
based on the assumption that separation distance should be larger than the sphere 
radius.
Figure 7.5 illustrates the comparison between the interaction force from the 
analytical computation using Eq. (7.14) and that from the present FEM simulation 
using Eq (7.11) and Eq. (7.13). Wall 1 is at zero potential, while wall 2 is maintained 
at an applied potential o f positive polarity. The distance between the two walls is lOr^ . 
The results are very similar* to each other except for sphere distances between 0.3 mm 
and 1 mm from wall 2, showing that the FEM employed in this work is satisfactory. 
The differences are due to mesh refinement errors, wall effects and distributed charge 
effects. Moreover, when the sphere-wall separation is smaller than the diameter o f the 
sphere, the analytical equation tends to break down as it is based on the assumption that 
the separation distance should be larger than the size of the sphere.
For the two cases o f interest here, there appears to be no analytical work. 
Figure 7.6 shows the FEM results o f the force calculation for a sphere at different 
locations between the positively charged wall 1 and the zero-potential wall 2 under 
various potentials (i.e. 10, 100, 1000, 2000, 3000 and 4000 volts) applied to Wall 1. In 
the FEM programme, the surface potential of the sphere has to be specified. 
Therefore, the sphere surface is assumed to have a uniform positive charge o f + 40 mV, 
and the sphere radius is 1 mm. Walls 1 and 2 are separated by a distance o f 10 mm. 
These values are typical for the experiments carried out in Chapter 4 and Chapter 5. 
Initially the sphere is put at a point where the distance between the sphere surface and 
wall 1 is 0.2 mm, and the distance between the other surface o f the sphere and wall 2 is 
thus 7.8 mm. At this point, increasing the magnitude of the potential at wall 1 will 
increase the resultant force on the sphere significantly. When the sphere is moved
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gradually away from wall 1, the repulsive force generated by wall 1 on the sphere 
decreases rapidly. This is in agreement with experimental observations.
1.2E-09
Analytical method 
Present work
l.OE-09 -
8.0E-10 -
6.0E-10 -
4.0E-10 -
cS 2.0E-10 -
^  O.OE+00
0.50.0 1.0 1.5 2.0
Distance from Wall 2 to sphere surface, d^ (mm)
Fig. 7.5. Comparison between the analytical method (Eq. (7.14)) and the FEM method for 
the solution o f the repulsive force between a charged sphere and a charged wall
In the second case, wall 1 is at a positive potential, while wall 2 is at the same 
level o f potential but of opposite polarity. In this FE model, a positive resultant force 
is repulsive relative to the positively charged wall, while a negative resultant force is 
attractive relative to the negatively charged wall. When the sphere (given a surface 
potential +40 mV) is near wall 1, the resultant force will be repulsive due to the strong 
interaction with Wall 1 (charged positive) as two bodies o f the same charge polarity 
will produce a repulsive resultant force. Somewhere near' the middle point o f the 
system, the resultant force will be zero due to force equilibrium. When the sphere is 
near wall 2, the force will be attractive due to the interaction with wall 2 (opposite 
charge). This is shown in Figure 7.7.
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Fig. 7.6. Résultant force on the sphere at various distances from wall 2, with zero 
potential at wall 2 and various potentials at wall 1 (sphere radius 1 mm)
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Fig. 7.7. Resultant force on the sphere at various distances from wall 2, with wall 1 
and wall 2 at the same level o f potential but of opposite polarity
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7.4.2. Interactions between two identical spheres
For the case o f two identical interacting spheres shown in Figure 7.8, each 
sphere is effectively enclosed by a semi-infinite box, with one side the mid-plane and 
the other side at infinity. The interactive force between the two spheres can be 
calculated by either integrating the electrostatic stress tensor over the mid-plane 
between the two spheres, or over the surface of one of the spheres (Williams, 1989). 
After a few iterations in the adaptivity procedure as outlined in Figure 7.2, the 
dimensionless force calculated at the sphere surface and that at the mid-plane should be 
similar (Bowen and Sharif, 1997). The force calculated at a sphere surface is affected 
by the high potential gradients, and therefore more mesh refinement is needed. On the 
other hand, the mid-plane calculation, which is used in this work, is more 
computationally efficient and allows for the calculation of the electrostatic interaction 
force without the need for the determination of the free energy of interaction over the 
entire distance of separation (Bowen and Sharif, 1997; Camie et al., 1994; McCartney 
and Levine, 1969).
Mid-plane
I
Fig. 7.8. A schematic diagram for the two-sphere interaction showing the 
FEM mesh
Figure 7.9 compares three different methods of solution for the calculation of 
the interactive force between two identical spheres of radius 1 mm and surface potential
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1 V. In the present work, the separation between the sphere surfaces, d, is nonnalised 
to the sphere radius, Vs, leading to the dimensionless value L = dlvs. The interaction 
force values given by the three methods are reasonably close to one another when the 
normalised separation distance is larger than 0.3. For normalised separations between 
0.025 and 0.3, the force values given by the present FEM method are slightly larger 
than those given by the methods o f Jones (1995) and Zhang et al. (1995). However, 
when the normalised separation is smaller than 0.025, the values given by the methods 
of Jones (1995) and Zhang et al. (1995) become larger than the values given by the 
present FEM solution.
In the method employed by Jones (1995), the induced moments within each of  
the two spheres are numerically solved. There is no applied electric field. The force 
is due to the source charges on the spheres. All induced moments in both spheres are 
therefore linear multipoles aligned with the direction o f the applied electric field. The 
starting point in the model employed by Jones (1995) in the calculation o f the net force 
between the two spheres is the interaction between two aligned linear multipoles of  
order m and n. The mutual force o f attraction or repulsion, is proportional to Hie 
product o f a pair o f induced moments. The net mutual force between the two spheres 
is taken by Jones (1995) as the double summation of all the F,»,» teims.
In the work o f Zhang et ah (1995), the interaction force o f the two identical 
spheres is evaluated by solving for the distribution of electric field around the spheres 
in a bispherical coordinate system (Davis, 1964). The forces consist o f two 
components: parallel and noimal to the centre-line o f the spheres. The normal force is 
zero as the stresses on one side o f the sphere ar e balanced by those on the opposite side. 
The induced electrostatic force between two similar spheres is approximately inversely 
proportional to the fourth power o f sphere separation distance (Zhang et al,, 1995; 
Waterman, 1965). Therefore, the electrical-induced interaction force between the two 
spheres increases rapidly with decreasing separation between the two spheres.
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Fig. 7.9. Comparison o f the results obtained using the present FEM, 
and the methods o f Jones (1995) and Zhang et al.{\995)
In order to study the effects o f the surface potential or charge o f the spheres on 
tlie electiic-induced force of interaction between two identical spheres, several different 
surface potentials have been used for the two spheres. The convention in the present 
work is that a repulsive force is positive, while an attractive force is negative. The 
results o f the force calculation using the FEM are shown in Figure 7.10 for three 
different sphere surface potentials Vp with decreasing separation between the surfaces 
o f the two identical spheres in an unbounded system. Increasing the surface potential 
of the spheres and reducing the separation will generally increase the interaction force 
rapidly. From Figure 7.10, it can be seen that the increase o f the induced force with 
separation, for F? = 1.0 V, is significantly larger than that for F> = 0.1 V.
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Fig. 7.10: Electrical-induced interaction force between two identical 
spheres for different sphere surface potentials
7.5. Conclusions
A quantitative analysis o f the electric field-induced force for two systems: (i) a 
charged sphere between two charged walls and (ii) two interacting charged spheres, is 
presented using an adaptive finite element method. Coupled witli an automatic eiTor 
estimator and an automatic mesh generator program, the FE formulation in the present 
work is able to achieve accurate results with minimum predetermined error.
For the case o f a char ged sphere between two charged walls, it has been shown 
that the FEM solutions in this work are in reasonably good agreement with the 
solutions given by the analytical equation. Moreover, the finite element formulation 
used in the present work accounts for the effect of the surface potential o f the sphere. 
The electric-induced force acting on the surface of the sphere increases very rapidly at 
short distances o f the sphere from the wall, with typical separation distance o f less than 
the sphere radius.
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In the evaluation o f the electiic-induced interaction force between two identical 
charged spheres, a comparison of the FEM with two otlier methods o f solution shows 
that there is good agreement except at separations of less than 0.3 of the sphere radius 
where the forces calculated horn the present FEM method are slightly larger. 
However, below the noimalised separation o f 0.025, the present FEM method tends to 
give slightly smaller values of the interaction force, compared to the other two 
solutions.
The finite element formulation o f the present work provides a basis for force 
calculation o f more complex geometries and structures. From the studies o f a sphere, 
the work will proceed "with a drop or paiticle o f  prolate shape in the neai* future, as it 
has been shown that a high electric field can deform a drop into a prolate shape based 
on the physical, chemical and electrical properties o f the liquid-liquid system 
(Nishiwaki et ah, 1988; Vizika and Saville, 1992). By gradually changing the shape of 
the drop and by comparing the electrical effects on the different drop shapes (e.g. 
spherical, prolate and oblate), a more complete view of the behaviour o f a drop in a 
high electric field can then be obtained by looking at the electrical-induced net force on 
the surface o f the drop. Futur e work will also provide for van der Waals interactions 
and other short-range forces. The FEM formulation can also be used to model dipole 
interaction, as well as Eq. (5.8), Eq. (5.9a) and Eq. (5.9b).
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Chapter  8 -  Novel compact electrocoalescer-separators
8.1. Introduction
In various processes in the chemical and process industries, mining and 
extraction industr ies, oil and petroleum industries, and biomedical and pharmaceutical 
industries, a liquid phase dispersed in another immiscible liquid phase may have to be 
separated from each other, as mentioned in Chapters 2 and 3. Various methods are 
utilised for this purpose such as gravitational settling, centrifugation, methods utilising 
hydrocyclones, membrane filtration and electroseparation, depending on the size o f the 
droplets and the properties o f the two phases (Treybal, 1980; Svar ovsky, 1981).
In biomedical and pharmaceutical processes, the quality and characteristics of 
some dispersed particles or drops can easily be affected by high shear mixing. In such 
cases, gravitational settling plays an important role that is highly dependent on the size 
of the dispersed drops and the density difference between the dispersed and the 
continuous phases. Gravitational sedimentation has a wide range o f  applications, such 
as the removal o f solids from liquid sewage wastes, the settling o f crystals from liquor, 
the separation o f a liquid-liquid mixture in solvent extraction, and the settling o f a 
slurry, for example, from a soybean leaching process (Geankoplis, 1993).
However, gravitational séparation usually becomes difficult when the density 
difference between the two phases is very small, and also when the viscosity o f the 
continuous phase liquid is very large. These problems are usually encountered in the 
separation o f drops dispersed in a flowing viscous oil. Furthermore, the efficiency of 
gravitational separation is significantly reduced when the continuous phase liquid is 
moving in a direction opposite to that o f the gravitational force, and when the dispersed 
phase comprises very small diops. The essential gravitational separation driving force, 
based on the density difference between the two phases and the size of the dispersed 
drops, is then counterbalanced by the drag force of the fast flowing continuous phase. 
Therefore, in some physical set-ups, a separation technique, which is based purely on 
the gravitational principles, may not produce the desired level o f efficiency. The 
separation also becomes highly complicated when the very small dispersed drops or 
particles are covered by layers o f impurities such as surface active agents, asphaltenes
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and resins, making the drops repel each other and thus remaining stable in the 
dispersions, as discussed briefly in Section 3.10. Tliis generally depends on the surface 
chemistry and charges o f the drops (Thompson et a l,  1985; Fingas, 1995; Nelson, 
1996).
As described in Chapter 2, a separation method based on the different electrical 
properties o f the two phases can be employed to separate water-in-oil dispersions in tlie 
oil and petroleum industries. The underlying mechanisms o f the electroseparation 
technique have been reviewed in Chapter 3 (Eow et a l,  2001a), and the practical 
aspects and methods o f this technique used in the oil and petr oleum industries have also 
been highlighted in Chapter 2 (Eow and Ghadiri, 2002a). Electrostatic separation o f  
water-in-oil dispersions has a number o f advantages, such as low power consumption 
due to very low electrical current across the dispersion, no addition o f chemicals is 
required, and the method is free from mechanical break-down as no moving parts are 
involved (Waterman, 1965). However, sometimes destabilising chemicals are used 
with electrical treatment. In this chapter, experimental investigations into the electrical 
effects that enhance the separation o f aqueous drops dispersed in a flowing oil, using 
two different novel compact electrocoalescer-separators (Eow and Ghadiri, 2001) are 
reported.
8.2. Novel compact electrocoalescer-separators
The design and performance o f two novel compact electrocoalescer-separators 
are described; the first design combines electrocoalescence with gravitational settling 
(as described in Section 8.2.1), whilst the gravitational settling is replaced by the more 
efficient centrifugal settling in the second design (as described in Section 8.2.2).
8.2.1. The Gravitational electrocoalescer-separator
This method utilises gravitational and electrically-induced forces, and a device 
for doing this is shown in Figure 8.1. Detailed schematic drawings and a description 
o f the electrocoalescer-separator aie given in Appendix A (see also Eow ^ d  Ghadiri, 
2001). ' A standard gravitational separator, commercially available to separate water 
drops from oil, has been modified and equipped with electrodes. The brass cone forms 
the high voltage electrode. The copper strip, carefully fixed to the top o f the Perspex 
outer wall, and the brass shaft are grounded. The brass cone is electrically isolated
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from the copper strip and the brass shaft. There are a number o f regions o f high 
electric field intensity: (1) between the brass cone and the middle shaft, (2) between the 
cone and the copper strip, and (3) between the base o f the cone and the accumulated 
water layer at the bottom of the separator. The bare copper stiip is located at the inside 
o f the Perspex vessel.
The design and development o f this separator is based on theoretical and 
experimental studies as reported in Chapters 1 to 7, which show that the fundamental 
mechanisms in this system are drop charging and drop-drop coalescence, followed by 
drop-interface coalescence. Rapid and instantaneous drop-interface coalescence can 
take place under a suitably applied electric field, as highlighted in Chapter 6. Without 
an applied electric field, the rest-time o f a drop at an interface can be quite significant, 
depending on the liquid-liquid system under consideration.
Furthermore, it has been shown that the applied electric field will enhance drop- 
di'op coalescence, provided that the field is applied in a certain direction to the flow  
direction o f the drops, as discussed in Chapter 4. To achieve maximum force o f 
attraction between adjacent drops, the electric field should be applied in such a way that 
it makes a zero degree angle with the line joining the centres o f the drops. Under a 
very high electric field, however, an aqueous drop can deform and break up to produce 
one or more smaller drops in an insulating oil, as discussed m Chapter 5. For example, 
for an aqueous drop o f about 1.2 mm diameter in sunflower oil, the electric field 
corresponding to drop break-up is about 3.5 kV/cm.
The separator is designed for efficient separation o f the dispersed drops based 
on two main mechanisms o f drop-drop coalescence (as discussed in Chapter 4) and 
di'op-interface coalescence (as discussed in Chapter 6). The height H  o f the 
accumulated water layer at the bottom o f the separator can be easily varied by the 
needle valve to facilitate the investigation o f the effect of H  on the separator efficiency, 
vyitli H  defined as the distance between the water/oil interface and the bottom of the 
brass cone.
The main external body o f  the electrocoalescer-separator is earthed and made of 
insulating Perspex for safety, as well as to facilitate visualisation o f the phenomena in
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the system, such as drop-drop coalescence, drop-interface coalescence, drop 
deformation and break-up, and the trajectory o f the aqueous drops. The accumulated 
aqueous phase, which is more conductive than the continuous oil phase, at the bottom 
o f the separator acts as a ‘grounded electrode’; it also facilitates drop-interface 
coalescence for the removal o f the dispersed aqueous drops from the continuous oil 
phase.
White cable Green cable
Brass
coneCopper strip
ispcrsion in
Brass
shaft
Needle
valve
W ater out
Fig. 8.1. The novel compact gravitational electrocoalescer-separator that combines 
the effects o f the gravitational and electrically-induced forces
8.2.2. The Centrifugal electrocoalescer-separator
In order to develop an electrocoalescer-separator that can handle larger 
throughput and smaller inlet drop sizes, an alternative method has been developed 
utilising the combination o f electrostatic forces and a centrifugal motion o f the liquid. 
The operational principles o f the separator have been described in detail in the 
Appendix (Eow and Ghadiri, 2001). Here again, another commercial water-oil 
separator based on centrifugal action has been modified and equipped with electrodes 
to enhance the separation, as shown in Figure 8.2. The brass cone is connected to a
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high voltage supply with positive polarity, while the brass strip and the brass shaft are 
grounded. The bare brass strip is located at the inside o f the Perspex cylinder. The 
regions o f high electric field are similar to those in the first electro separator, except that 
the water-in-oil dispersion now enters tangentially in the upper part o f the cylindrical 
section, causing centrifugal or swirling motion, therefore forcing the denser aqueous 
drops to move to the outer cylinder wall where they coalesce rapidly under the 
influence o f the electric field. Aqueous drop-interface coalescence takes place at the 
bulk aqueous phase at the bottom o f the separator. As there are no moving parts in the 
system, the necessary vortex motion is performed by the liquid itself.
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Dispersion 
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water 
retained
Fig. 8.2. The centrifugal electrocoalescer-separator that combines 
electrostatic forces and centrifugal motion o f  the liquid
As with the gravitational electrocoalescer-separator, the design and 
development o f this separator are based on the theoretical and experimental studies 
described in Chapters 1 to 7. The fundamental mechanisms in the system are again 
drop charging (as described in Section 5.3.2) and drop-drop coalescence (as described 
in Chapter 4), followed by drop-interface coalescence (as described in Chapter 6). The
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height o f the accumulated water layer at the bottom of the separator can also be 
controlled by a valve to facilitate tlie investigation of the effect o f H  (i.e. the distance 
between the oil-water interface and the bottom of the brass cone) on the efficiency o f 
the separation o f the dispersed drops from a flowing liquid.
8.3. Experimental set-up and procedure
In tlie experiments, the continuous phase was sunflower oil, whilst the dispersed 
phase was tap water with dye solution added to facilitate visualisation. The properties 
of the liquids are given in Table 4.1. The dye solution, possibly containing surface 
active components, reduced the surface tension o f the water from about 72 mN/m to 
about 45 mN/m, with respect to air. The measurement o f the properties o f the liquids 
are described in Section 4,2. The conductivity and permittivity of the dispersed phase 
(i.e. the aqueous solution) are significantly higher than those o f the continuous phase 
(i.e. sunflower oil) as required for effective electrostatic separation. The densities of 
the two liquids are very similar" to one another, making pure gravitational separ ation 
very difficult. Moreover, the high viscosity o f the oil gives a high resistance to 
gravitational settling o f the dispersed aqueous drops. The flow rates o f the continuous 
and dispersed phases used for both the electrocoalescer-separators are given in Table 
8.1.
Table 8.1. Flow rates o f the continuous and dispersed phases used in both o f 
the electrocoalescer-separators (witli very low water concentrations)
Separator Sunflower oil 
(continuous phase) 
(litre/min)
Aqueous solution 
(dispersed phase) 
(millilitre/min)
Gravitational electrocoalescer-separator 2.0 0.5
Centrifugal electrocoalescer-separator 5.0 5.0
The general arrangement for the evaluation of the separ ation efficiency o f each 
o f the electrocoalescer-separators is shown schematically in Figure 8.3. The two-tanlc 
anangement was designed to provide continuous operation. The sunflower oil from 
the separator, containing a small amount o f aqueous drops, flowed into Tank A.
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Settling o f the drops took place in Tank A. The relatively clean oil then flowed 
through a valve to Tank B. Each o f the tanks had a diameter o f 0.42 m and a height of 
0.25 m. After a number o f experiments, the used oil in the tanks was replaced with 
fresh oil. From Tank B, the oil was pumped by a diaphragm pump (Model 8000-043- 
235 from Shurflow Inc.) to the electrocoalescer-separator. The flow rate o f the oil was 
controlled by a valve close to the entrance to the flow meter (Model EFL 0151 from 
Roxspur* Control Direct). The flow meter is independent o f the fluid viscosity changes 
up to 200 cS.
Tank A
Electrocoalescer- 
separator
.Valve Flowmeter
Frequency f\
modulator \I
— —' • Electronic \
— — — relay unit
High Voltage 
(Positive Polarity)
TankB
Perspex cell
i L
Camera
Aqueous
phase
Pumn
Perspex
N e e d lc x ^
Gasket
Electronic 
syringe pump ' Aqueous phase
Fig. 8.3. General anangement for the evaluation of the separation efficiency o f 
each o f the electr ocoalescer-separators
The aqueous phase was pumped by a syringe pump (Model 55-2222 from 
Harvard Apparatus Inc.) tlrrough a hypodermic needle into the centre-line o f a pipe 
containing the flowing oil. The pump can control the aqueous phase flow rate in a 
very precise way (the smallest flow rate that can be controlled by the syringe pump is
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0.1 pl/min). Aqueous drops were formed at the outlet of the hypodeimic needle (with 
internal diameter o f about 0.2 mm), due to the sheai' force created by the flowing oil 
phase, with the needle making an angle of 90° to the centreline o f the pipe. The size of 
the drops was measured from the drop images captured in the rectangular' Perspex cell 
using a high-speed digital video camera model Kodak Ektapro HS 4540 with a Leica 
Monozoom 7 lens. Suitable lighting was produced by a halogen lamp Schott KL1500 
(Hamsphire Micro Ltd.), with two flexible fibre optic heads. The intensity o f  the 
lighting could be accurately adjusted to facilitate focusing. Moreover, the location of 
the lights is very important in order to eliminate any shadow that could be caused by 
the drops. The camera was comrected to a computer to facilitate image processing. 
Under the experimental conditions used here, it was observed that drops o f an almost 
uniform size could be produced by this method.
The internal diameter o f the Perspex pipe was then varied to produce different 
drop sizes imder constant flow rates o f the oil and the aqueous phases. Varying the 
internal diameter o f  the hypodermic needle can also cause a variation in drop size. The 
relationship between the drop size produced and the internal diameter o f the pipe is 
shown in Figure 8.4 for two flow combinations: (1) 2.0 litres/min of oil and 0.5 ml/min 
o f the dispersed aqueous phase (for the gravitational electrocoalescer-separator), and 
(2) 5.0 litres/min o f oil and 5.0 ml/min o f the dispersed aqueous phase (for the 
centrifugal electrocoalescer-separator).
The velocity o f the oil in the pipe is given by
V 2 -----
4 Q _
2 (8.1);r d /
where Q is the flow rate o f the oil in the pipe and di is the internal diameter o f the pipe. 
The relationship between the drop size produced and the velocity o f the oil in the 
Perspex pipe is shown in Figure 8.5. The average aqueous drop diameter as used in 
Figures 8.4 and 8.5 is the number average., For the same velocity o f the oil in the 
Perspex pipe, increasing tlie flow rate o f tlie aqueous phase in the same hypodermic 
needle increases the average size o f the aqueous drops produced. For example, at the 
oil velocity o f 2.0 m/s, an aqueous phase flow rate of 0.5 ml/min would give an average 
drop size o f about 0.65 mm, while 5.0 ml/min of the aqueous phase would produce an
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average drop size of about 1.0 mm. The measm-ements of the sizes o f the drops as 
shown in Figures 8.4 and 8.5 were made from the oil stream entering tlie separators. 
The inlet drop size could be significantly different from that in the outlet oil stream, 
depending on tlie phenomena (such as drop-drop and drop-interface coalescence) 
occurring in the separators.
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Fig. 8.4. The relationship between the average diameter o f the aqueous drop 
produced and die internal diameter of the Perspex pipe, for two flow  
conditions
The Reynolds number o f the oil flow in the Perspex pipe calculated for all the 
experimental conditions varied from 100 to 690, indicating that the drops were 
produced under laminar flow conditions in the Perspex pipe.
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In this work, a pulsed direct cmrent (d.c.) was applied to the brass cone to 
produce a pulsed electric field. The high voltage supply unit in this work was a 
Hunting Hi-Volt model fiom Miles Hi-Volt Ltd. It was set to positive polarity. The 
high voltage supply unit and a pulse generator unit (0.1 -  999 Hz) were connected to a 
high voltage electronic relay unit, producing square pulses o f different frequencies, 
which could be recorded using a Lecroy LC 574AM digital oscilloscope with a Testec 
High Voltage Probe TT-HVP 15 HF (see Figures 8.6(a, b, c and d)). These figures 
show that almost perfect square pulses could be produced for tlie range o f fr equencies 
(up to 100 Hz) used in tliis work by the combination o f the specially built pulse 
generator unit and the high voltage electionic relay unit.
The separation efficiency is defined as:
W..Separation efficiency (%) = — x 100 (8.2)
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with Win as the inlet flow rate o f the aqueous phase to the system, and Wretaimd as the 
amount of the aqueous phase retained in the system per unit time. The values for Wi„ 
could be easily read from the syringe pump (as the aqueous drops produced by the 
hypodermic needle flowed from the Perspex pipe to the separator through the Perspex 
cell), while those for Wretaimd were measur ed for the accumulated aqueous phase using a 
volumetric flask after a certain period o f time. The manual valve at the bottom o f each 
of the separators was used to drain out the accumulated aqueous phase at the bottom of 
the separators. All the experiments were performed at room temperature, which was 
about 20 ± 2°C. The experimental conditions are considered constant in this 
temperatme range.
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Fig. 8.6. The shape o f the applied pulses at the applied potential o f 3 kV
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8.4. Results and discussion
This section is divided into two parts. Section 8.4.1 describes the results 
obtained, using pulsed d.c. electric fields, for the gravitational electrocoalesce- 
separator. Section 8.4.2 highlights the results obtained for the centrifugal 
electrocoalescer-separator, under the actions of pulsed d.c. electric fields.
8.4.1. The gravitational electrocoalescer-separator
The schematic diagram of the gravitational electrocoalescer-separator is shown 
in Figure 8.7. Aqueous drops dispersed in oil enter the separator through a 13 mm 
diameter pipe. In Region A, which is between the high voltage brass cone and the 
grounded copper strip, uncharged drops will be polarised. Some drops 'will also be 
charged by contacting the high voltage electrode, as discussed in Section 4.3.2. The 
dr ops then move downward to Region B, which is between the bottom of the brass cone 
and the oil/water interface, with H  the distance between the bottom o f the cone and the 
liquid-liquid interface. Depending on the local fluid velocity and the size and induced 
charge, a drop will either move upward with the continuous phase flow or move 
downwards towards the oil/water interface. If the induced electrostatic forces 
(between the charged drop and the oil/water interface) and gravitational forces are 
greater than the upward drag forces acting on the drop, then the drop will move 
downwar ds towards the oil/water interface.
In Section 6.4.3, an externally applied electric field o f an optimum strength has 
been shovm to effect instantaneous drop-interface coalescence. Without an applied 
electric field, partial coalescence will usually occur where a secondary drop is produced 
as a result o f coalescence o f the primary drop with tlie interface. This has been 
explained by Char les and Mason (1960a) with reference to the theory o f unstable liquid 
columns originally proposed by Rayleigh (1879). Rayleigh (1879) attributed the 
instability to a statistical distribution o f capillary distirr'bances (’with a certain amplitude 
and wavelength) which ar e rotationally symmetrical about the axis o f the column and 
which act to break the column. A column -with a finite length will break up when its 
length becomes larger than its circumference.
In Region C, the charged and/or polarised drops may coalesce with one another 
to produce lar ger drops, which may escape the separator, or if  sufficiently large 'will fall
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towards the oil/water interface. This phenomenon also influences the overall 
separation efficiency o f the separator.
Water/oil dispersion
Oil
Copper strip | 
(grounded) © = Water drop
Copper strip 
(grounded)Brass cone__
(high voltage)
Brass shaft 
(grounded) Oil/waterinterface
Gasket. Accumulated 
water layer 
(grounded)Valve.
60 mm
Fig. 8.7. Movement o f aqueous drops in the gravitational electrocoalescer- 
separator
Figure 8.8 shows the effect o f the distance between the bottom o f the brass cone 
and the oil/water interface, H, on the separation efficiency for inlet aqueous drops o f 1 
mm diameter. The efficiency depends, to some extent, on the separation distance, 7/, 
between the high voltage electrode and the oil/water interface accumulated at the 
bottom of the separator. At a very large separation {H »  15 mm), the drops are 
observed to take a longer time to come into contact with the oil/water interface. At a 
very small separation distance (77= 8 mm), deformed drops and the vibrating oil-water 
interface tend to cause short-circuiting at high applied potentials, reducing the 
separation efficiency.
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Fig. 8.8. The effect of electrode-oil/water interface distance (H) on the separation
efficiency for inlet aqueous drops of 1 mm diameter: (a) separator efficiency- 
applied potential, and (b) separator efficiency-applied electric field
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The observed vibration o f the oil-water interface might be due to the instability 
and polarisation at the interface. For small values of H, the separation efficiency tends 
to be higher than that o f the other electrode-oil/water interface distances, provided the 
applied potential is sufficiently low so as not to cause short-circuiting. As shown in 
Figure 8.8(a), the highest optimum separation efficiency occurs at 77= 15 mm and Vo =  
1.5 kV. Figuie 8.8(b) shows the relationships of the separator efficiency with the 
applied electric field Eq. The applied electric field is the ratio between the applied 
potential and the distance H. At low applied electric fields (i.e. below 0.05 kV/mm), 
the separator efficiency is observed to be highest when H  is larger than 15 mm. 
However, the highest separation efficiency (which is about 85 %) occurs at Eo = 0.1 
kV/mm and 77= 15 mm.
The concept o f the pulsed d.c. electric field has received much attention in the 
field o f electrocoalescence o f water drops in an insulating oil, as discussed in Chapters 
2 and 3. Bailes and Larkai (1981,1982,1984a and 1984b), Bailes and Dowling (1985), 
Taylor (1996) and Figueroa and Wagner (1997) studied die effects o f pulsed d.c. 
electric fields on drop-drop coalescence, and concluded that any physical system, due 
to its geometry and the properties o f the dispersion, would have an optimum electric 
field and an optimum frequency in enhancing the coalescence and separation of 
aqueous drops from the continuous phase liquid.
The effect o f pulse frequency is shown in Figure 8.9 for inlet aqueous drops o f  
average 1 mm diameter and 77=  15 mm. The fiequency o f 0.1 Hz produced the 
highest separation efficiency (i.e. at about 85 %) at Vo= 1.5 kV. However, at low  
applied electric potentials ( 0 - 1  kV), the pulse frequency o f 1.0 Hz generates the 
highest separation efficiency. After reaching their respective optimum efficiencies, the 
three applied frequencies show similar effect (i.e. the sepaiation efficiency decreasing) 
when the applied potential is further increased. Electrical short-circuiting by a 
deformed drop and vibration and instability of the oil/water interface at this stage 
reduces the separation efficiency.
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Fig. 8.9. The effect o f pulsing frequency on separation efficiency, atF^= 15 mm
The grade efficiency curve for various applied potentials at the pulsing 
frequency o f 1.0 Hz is shown in Figure 8.10. The separation efficiency increases with 
the applied potential and inlet drop size. For drops up to 1 mm in diameter, an applied 
potential o f  1.5 kV leads to consistently higher separation efficiencies than those at 
lower applied potentials. Above 1.5 kV, short-circuiting occurs regularly, leading to 
low efficiencies. For example, at the applied potential of 2.5 kV, the efficiencies are 
lower than those o f 2.0 kV due to frequent short-circuiting, diminishing the established 
electrostatic field. As shown in Figure 8.10, the applied electric fields do not really 
have a significant effect on the separation efficiency for lai'ge drops (> 1.2 mm), as 
compared to the gravitational settling process. It is believed that there is an 
equilibrium between the rate o f dr op break-up and the rate o f drop-drop coalescence for 
a particular drop size in a particular electric field strength (Williams, 1989).
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Fig. 8.10. The grade efficiency curve at a pulsing frequency o f 1.0 Hz and 
H =  15 mm
Figme 8.11 shows the grade efficiency cuive for various applied potentials at 
the pulsing frequency o f 0.1 Hz. From Figure 8.10 and Figme 8.11, it is clear that the 
applied electric field plays a significant role especially in the separation o f inlet drops 
of diameter less than 1 mm. However, at the pulsing frequency o f 0.1 Hz, the 
separation efficiency continues to increase as Vo increases up to 2.0 kV, whereas for the 
pulsing frequency o f 1.0 Hz the separation efficiency decreases above 1.5 kV. For 
drop sizes above 1.2 mm, the influence o f the applied electric field is not shown 
because the gravitational settling process can produce reasonably good sepaiation 
efficiency on its own. When drop disruption occmred, it was observed, using the high­
speed video camera, that there was a significant amount of smaller (as compaied to the 
average drop size entering the separator) drops leaving the separator with the 
continuous oil phase.
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Fig. 8.11. The grade efficiency curve at pulsing frequency o f 0.1 Hz, at .ff = 15 mm
8.4.2. The centrifugal electrocoalescer-separator
Figure 8.12 illustrates schematically the movement o f water drops in the 
centrifugal electrocoalescer-separator. The water-oil dispersion enters the separator 
tangentially at one side o f the cone, inducing a swirl to the flow of the dispersion. 
However, when the drops enter neai* the cylindrical wall, they could be dispersed 
radially inwards due to the high turbulent mixing in the feed section (Svarovsky, 1981; 
Smytli et ah, 1980). Away from the feed section, as the water drops are denser than 
the oil, they move towards the wall o f the Perspex cylinder due to the centrifugal effect.
In the absence o f an applied electric field, a drop or a particle within the flow is 
basically exposed to (1) gravity and centrifugal forces, and (2) the drag exerted on the 
drop by the fluid (Svarovsky, 1981; Colman and Thew, 1980; Colman et al., 1980). In 
the presence o f an electric field, the drops coalesce rapidly and become larger, and at 
the sanle time, deviate more than in the previous case from the fluid stream line. In 
Region A, some o f the drops are charged by contacting the high voltage brass cone, 
while other drops are polarised. The bare brass strip is located at the inside o f the 
Perspex cylinder. It has been observed that, under a suitable electric field, drop-drop
198
coalescence talces place in this region, and some drops that go into Region B are 
significantly larger than the average inlet drop size.
Brass strip 
(groundedJX ,^
Brass cone ^  
(high voltage)
Brass shaft 
(grounded)
Valve.
94 mm
Water/oil dispersion
© -  Water drop
Brass strip 
(grounded)
Perspex cylinder
Oil/water
interface
Accumulated 
water layer 
(grounded)
Fig. 8.12. Movement o f an aqueous drop in the centrifugal electrocoalescer-separator
In Region C, a drop either moves towards the oil-water interface or moves 
upward to the inside o f the brass cone. This depends largely on the flow rate o f the 
dispersion, the magnitude o f the applied potential and the size o f the drop. If the flow  
rate is too high, most o f the drops will flow with the continuous phase into the cone. 
By increasing the applied electric potential, it has been observed that more drops tend 
to move to the oil-water interface due to an increase in the electrical-induced attractive 
force between the drops and the interface. A rapid drop-interface coalescence then 
takes place. The distance, H, between the bottom of the brass cone and the oil/water
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interface can be controlled by the valve at the bottom of the separ ator. Drops that do 
not coalesce with the oil/water interface will flow into the brass cone in a swirling 
motion. Drop-drop coalescence may also occur in the Regions D and E, as a number 
of drops in the outlet have been observed to be larger than the drops entering the 
bottom of the cone, but the dr ops escape the separator.
The effect o f the distance, H, between the bottom of the brass cone and the 
oil/water interface on the separation efficiency of the centrifugal electrocoalescer- 
separator is shown in Figure 8.13, for the inlet aqueous drops o f 0.55 mm diameter. 
Generally, decreasing the distance H  will increase the separation efficiency. For H  =  
15mm, the optimum separation efficiency is about 65 %, which occurs at the applied 
potential o f about 3 kV. When H  is increased to 55 mm, the optimum efficiency 
reduces to a maximum of about 40 %, which occurs between the applied potential o f 4 
kV and 5 kV. However, when the magnitude of the applied potential is further 
increased beyond these values, the separation efficiency is obseiwed to decrease. This 
might be due to tlie fact that high electric field can deform and finally break up aqueous 
drops into smaller drops, as reported in Chapter 5.
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Fig, 8.13. The effect o f H  on the separation efficiency o f the centrifugal
electi'ocoalescer-separator for inlet aqueous drops o f 0.55 mm diameter 
and pulsing frequency o f 1 Hz
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Figure 8.14 shows the effect of the applied pulsing frequency on tlie separation 
efficiency o f the centrifugal separator for iï" = 15 nun and average inlet drop size of 
0.55 nun. The separation efficiency increases significantly when the electric field is 
applied and then gradually when the pulsing frequency is increased from 1 Hz to 10 Hz. 
However, beyond 10 Hz and up to 100 Hz, the sepaiation efficiency tends to increase 
rather slowly with the applied pulsing frequency. At 1 Hz frequency, the separation 
efficiency has a maximum at the applied electric potential o f about 3 kV, beyond which 
it falls due to frequent electrical short-circuiting and di*op defoimation and break-up. 
However, at high applied frequencies (e.g. 100 Hz), the separation efficiency remains 
fairly constant at aiound the optimum efficiency even when the applied potential is 
further increased. Moreover, at 100 Hz, the efficiency falls more slowly than that at 1 
Hz for applied potentials greater than 3 kV. Nevertheless, at very high applied 
potential, such as 6 kV in the present work, tlie separation efficiency is observed to 
decrease from about 80 % to about 65 %.
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Fig. 8.14. The effect o f  pulsing frequency on the separation efficiency, 
at üf = 15 mm and inlet aqueous drops of 0.55 mm diameter
The grade efficiency curve at the applied frequency o f 1 Hz is illustrated in 
Figure 8.15. The separation efficiency increases slowly with the average inlet dioplet
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size. There is a significant increase in the separation efficiency when a potential o f 1 
kV is applied to the separator, compared to that without any applied electric field. For 
an inlet drop size o f 0.15 mm, the applied potential of 1 kV gives the separation 
efficiency o f about 30 %, compaied to that o f about 8 % under no applied electric field 
condition. The separation efficiency has been shown to increase with the applied 
potential until 3 kV, beyond which the sepaiation efficiency decreases. At tlie 
optimum applied potential o f 3 kV, the maximum separation efficiency is about 80 % 
when the average inlet drop diameter is 1.15 mm, for the pulsing frequency o f 1 Hz. 
The separation efficiency at the applied potential o f 6 kV is actually lower than that at 2 
kV due to the effect o f short-circuiting.
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Fig. 8.15. The grade efficiency curve at pulsing frequency o f 1.0 Hz
and 77= 15 mm for the centrifugal electiocoalescer-sepamtor
When the pulsing frequency is increased to 10 Hz, the grade efficiency is larger 
than that at 1 Hz, as shown in Figure 8.16 at 77 = 15 mm. At 10 Hz, for the inlet drop 
size o f 0.15 mm and the applied potential o f 1 kV, the separation efficiency is about 45 
%, compared to that of about 30 % for the applied frequency of 1 Hz. In Figure 8.16, 
the separation efficiency has been shown to increase with the applied potential until 4
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kV, beyond which the separation efficiency reduces (see also Figure 8.14). However, 
for the case o f the applied pulsing frequency of 10 Hz, the grade efficiency given by the 
applied potential o f 4 kV is very similar to that for the applied potential o f 3 kV. The 
maximum sepaiation efficiency is about 85 % at the applied potential o f 4 kV when the 
average inlet drop diameter is 1.15 mm, for a pulsing frequency o f 10 Hz. At a 
fiequency o f 10 Hz, tlie grade efficiencies at the applied potentials o f 5 kV and 6 kV 
are found to be lower than those at 2 kV. Moreover, the grade efficiency at the applied 
potential o f 6 kV turns out to be similar to that at the applied potential o f 1 kV.
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Fig. 8.16. The grade efficiency curve at pulsing frequency o f 10.0 Hz 
and 77= 15 mm for the centrifugal electrocoalescer-separator
When the pulsing frequency is further increased to 50 Hz, the separation 
efficiency generally increases compared to that at 10 Hz, as shown in Figure 8.17 at 77 
= 15 mm (as expected from Figure 8.14). At the applied pulsing frequency of 50 Hz, 
for the inlet drop size o f 0.15 mm and the applied potential of 1 kV, the separation 
efficiency is about 55 %, compared to that o f about 45 % for the applied fr equency of  
10 Hz. As for the pulsing frequency o f 10 Hz, the sepaiation efficiency for the
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frequency of 50 Hz has also been shown to increase with the applied potential until 4 
kV, beyond which the efficiency of the sepaiator decreases. As in the case o f the 
applied pulsing fi'equency o f 10 Hz, the grade efficiency given by the applied potential 
of 4 kV is very similar to that given by 3 kV for the drop sizes shown in Figure 8.17. 
At the applied potential of 4 kV, the maximum separation efficiency is about 90 % 
when the average inlet drop diameter is 1.15 mm, for a pulsing frequency o f 50 Hz. At 
fi'equency of 50 Hz, the grade efficiency at the applied potential 6 kV is however 
slightly lower than that at 1 kV for the various inlet drop sizes. For small drop sizes, 
the efficiency at the applied potential o f 5 kV is slightly larger than that at the applied 
potential o f 2 kV. However, the differences tend to be less for large drop sizes.
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Fig. 8.17. The grade efficiency cur-ve at pulsing frequency o f 50.0 Hz 
and 77= 15 mm for the second electrocoalescer-separator
When the pulsing frequency is further increased from 50 Hz to 100 Hz, there is 
very little change in tlie observed grade efficiency, as shown in Figure 8.18 at 77 = 15 
mm. At the applied pulsing frequency o f 100 Hz, for the inlet drop size o f 0.15 mm 
and the applied potential o f 1 kV, the separation efficiency is about 58 %, compared to 
that o f about 55 % for the applied frequency o f 50 Hz. As for the pulsing frequency of
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50 Hz, the separation efficiency for the frequency of 100 Hz has also been shown to 
increase with the applied potential until 4 kV, beyond which the efficiency o f the 
separator decreases. At the optimum applied potential o f 4 kV, the maximum 
separation efficiency is about 93 % when the average inlet drop diameter is 1.15 mm, 
for the pulsing frequency o f 100 Hz. The separation efficiency is about 90 % under the 
same conditions but with the pulsing frequency o f 50 Hz. At the applied frequency o f  
100 Hz, the grade efficiency at the applied potential 6 kV is very similar to that at 1 kV 
for the various inlet drop sizes. Moreover, the applied potential o f 5 kV produces 
similar- separation efficiency to that produced by the potential o f 2 kV for the inlet drop 
sizes shown in Figure 8.18.
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Fig. 8.18. The grade efficiency curve at pulsing frequency o f 100.0 Hz 
and 77= 15 mm for the centrifugal electrocoalescer-separator
The separation o f a liquid drop frorn its carrier liquid phase depends on the 
drop’s trajectory and the deviation from its original tr-ajectory as a result o f external 
forces. However, as mentioned earlier, one o f the major problems is the deformation 
and break-up o f an aqueous drop under a very high electiic field, as shown by Figure 
5.5(a-g). The time required for complete detachment of a droplet from a 1 mm-
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diameter parent drop in sunflower oil under an electric field o f 4.5 x 10  ^V/m is about 
4.45 ms. Before tlie droplet is detached, the parent di'op is stretched by the electric 
field into a prolate body, forming an elongated end which penetrates into the oil, as 
described in Section 5.3.1.1. The breakage occurs at the weakest point o f the 
elongated end, as shown by Figure 5.5(f), producing a much smaller drop, whose size 
depends on the breaking point o f the elongated end. This could be due to the 
overwhelming electrical-induced stresses at the aqueous drop-oil interface, thereby 
diminishing the force balance between the interfacial tension and the electrical-induced 
stresses.
Besides the electrostatic effect, the flow in the separators may have the potential 
for breaking the suspended drops due to (1) transient shear and local pressure 
fluctuations caused by turbulence, and (2) viscous shear as a result o f time-average 
velocity gradients. Possible turbulent shear* stress and energy dissipation in the entry 
can affect the size of the drops, with large drops stretched by turbulent vortices and 
broken up into smaller drops (Wolbert et ah, 1995; Xu et a l,  1990; Hinze, 1955). 
High turbulence can also cause diffusion and modify the ideal settling motion o f small 
drops within the separation region, with turbulent diffusion having a significant effect 
in liquid-liquid dispersions as compared to solid-liquid dispersions (Wolbert et ah, 
1995, Malhotra et aL, 1994). This is because the inertia o f a drop is smaller than that 
of a similar size solid particle, due to the small density difference o f the liquids. A 
drop will therefore be more sensitive to the turbulent motion o f the continuous phase 
liquid.
8.5. Conclusions
The novel compact electrocoalescer-separators, as described in this chapter, 
have been shown to produce good separation efficiencies for the system o f aqueous 
drops dispersed in a flowing viscous oil. The external applied electric field has been 
shown to greatly enliance the separation efficiency of the separators. Moreover, both 
separators investigated here can be easily installed into existing process lines to 
separate dispersed drops and/or particles fiom a flowing liquid. Despite their
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simplicity, they are liighly efficient in two-phase séparation when an optimum electric 
field is applied.
The experiments show that the separation efficiency o f the two separators 
increases with the applied electric field strength until a certain limit. Above this 
critical electric field strength, drop deformation and break-up occurs, generating 
smaller drops, and thus reducing the separation efficiency. With pulsed d.c. electric 
fields, this limit is observed to be higher than that with continuous d.c. field, and an 
optimmn electric field strength and an optimum pulsing frequency have been observed 
to exist with pulsed d.c. electric field for tire enhancement o f drop-drop and drop- 
interface coalescence in both the electrocoalescer-separators.
The inlet drop size has a significant influence on the separation efficiency. 
Above a certain inlet drop size, the separation efficiency will be very high even in the 
absence o f electric field. However, for small inlet drops, the applied electric field 
plays a significant role in the separation process. It has also been observed that the 
layer o f the aqueous phase accumulated at the bottom of each o f the separators plays a 
very important role in capturing the dispersed aqueous drops from the flowing oil. 
There is an optimum distance between the bottom of the high voltage brass cone and 
the oil/water interface.
For the same average inlet drop size and the same pulsing frequency, the 
separation efficiency given by the centrifugal electrocoalescer-separator is very similar 
to that given by the gravitational electrocoalescer-separator. However, the centrifugal 
electrocoalescer-separator is able to handle much larger flow rates o f the water and oil 
phases. The swirling motion distributes the dispersed water drops uniformly within the 
separator. Moreover, the water drops, having larger centrifugal forces due to the 
swirling effect, move rapidly to the internal surface o f the grounded brass strip 
facilitating drop-drop coalescence.
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Chapter  9 -  Overall conclusions and future work
9.1. Overall Conclusions
This is divided accordingly to each o f the chapters in this thesis.
C h a p te rs  1  — 3 :
Electrostatic coalescence has proved to be an efficient technique for the 
separation o f water-in-oil dispersions. A better understanding o f the mechanisms 
involved in electrocoalescence will lead to the enhancement and development o f more 
effective electrocoalescers. A literature review on aspects o f electiocoalescence 
technology, as described in Chapter 2, reveals that most o f the equipment on the market 
is quite big and bulky, containing a large amount o f emulsion in the vessel. Therefore, 
it would be highly desirable to develop a small portable device, incorporating features 
such as an optimum applied electric field strength possibly combined with other- 
physical separ ation techniques, to fur ther enhance the separ ation o f water drops present 
in a water-in-oil dispersion. It should also be possible to install such a device into an 
existing process line without major modifications. There is a wide scope for- 
developing and inventing new devices for this application, with the continuing 
challenge o f understanding fundamental electrocoalescence mechanisms relative to 
various physical aspects such as electrode design, the flow direction o f the dispersion 
with respect to the external applied electric field, the properties o f the liquids and the 
applied electric field.
From the literature review described in Chapter 3, there are several mechanisms 
directly or indirectly governing the behaviour of water drops in a dielectric oil under 
the influence o f high electric fields. These are chain formation o f drops, dipole 
coalescence, dielectrophoresis, electrophoresis, random collisions, and film drainage 
and rupture. They may act individually, but more commonly a number o f them act 
together in the electrocoalescence o f aqueous drops. The predominant mechanism in 
any system largely depends on electrode design and set-up, liquid properties, as well as 
on the type o f the applied electric field. For a pulsed d.c. electric field, the concept o f 
an optimum field strength and pulse frequency has been evaluated. Furthermore, the 
characteristics o f the dispersion system itself determine the practicality of employing a 
strong electric field to break the dispersion. Dispersion with a high aqueous-phase
2 0 8
content will usually tend to short-circuit bare electrodes and cause the applied electric 
field to collapse, diminishing the coalescence efficiency. A  smaller potential 
difference could be applied, but it would not be strong enough to induce drop-drop 
coalescence.
The final objectives o f the present work are the design and development o f new 
electrode systems for efficient coalescence and capturing o f aqueous drops dispersed in 
a flowing dielectric liquid under the influence o f high electric fields. These are based 
on the proposed principles from the results of the experimental and computational 
investigations. Various aspects have been investigated with regard to how to achieve 
the final objectives. These aspects are summarised below.
Chapter 4:
(4.1) Using novel two-dimensional electrode systems, it is shown here that 
coalescence readily occurs when the electric field is applied in the same 
direction as the line joining the centres o f the two drops, in line with the 
previous theoretical prediction o f the maximum attractive force induced in this 
way.
(4.2) The angle between the electric field and the centre-line o f the two drops, 9, 
should be zero for the electrically induced force to attain its maximum attractive 
value. It has been shown experimentally in this thesis that drop-drop attraction 
can also occur when 0 is less than 54.7° or more than 125.3°.
(4.3) When 9 ~ 0°, the maximum induced force is large enough to deform the 
adjacent surfaces o f the drops prior to drop-drop coalescence.
(4.4) The force is repulsive when ^is 90°. In this configuration, the induced charges 
on the near- sides o f the two drop are distributed in such a way that repulsion 
between similar charges on the drops is stronger than the attraction between 
opposite charges due to the Coulombic nature of the interaction between surface 
char-ges.
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(4.5) When a pulsed electric field is applied to a drop, the drop vibrates with a 
frequency following the applied pulse frequency until a limit, beyond which the 
observed frequency of drop vibration will not follow the applied pulse 
frequency linearly. The limit depends on the continuous liquid phase (for 
example, about 70 Hz for sunflower oil and about 100 Hz for n-heptane). 
Above this limit, the drop also has a very small magnitude o f vibration. This is 
believed to have an influence on the optimum pulse frequency for drop-drop 
coalescence in a paificular physical system.
(4.6) The magnitude o f the electric field and the pulsing frequency can be optimised 
to suit the physical liquid-liquid system and the design o f the electrocoalescer. 
It is believed that each physical system has an optimum electric field and an 
optimum pulsing frequency for producing maximum drop-diop coalescence 
efficiency. The premature diop-drop coalescence in an electric field is believed 
to be influenced by the natural mechanical vibration and cavitation within the 
drops.
C h a p te r  5:
(5.1) Under suitably high applied electric fields, an aqueous drop deforms and breaks 
up into smaller drops, witli the smaller drops then dispersing into the oil phase, 
which is detrimental to the coalescence efficiency.
(5.2) The drop deformation and break-up mechanisms depend very much on the 
properties o f the continuous phase (electrical conductivity, permittivity, 
viscosity and interfacial tension) with respect to the same properties o f the 
dispersed phase. Generally, the continuous liquid phase with the highest value 
of the electrical conductivity and permittivity (and the lowest value o f the 
interfacial tension) will tend to have the greatest effect on the deformation o f an 
aqueous drop. This is due to the induced electric stiesses on the surface o f the 
drop, counteracting the interfacial tension.
(5.3) Above a critical value o f the applied electric field strength, which is in the range 
of 3.5 X 10^  V/m to 4.0 x 10^  V/m (i.e. corresponding to an electrostatic Weber
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number o f about 0.49) for a 1.2 mm diameter drop in the liquids used, the 
deformed prolate drop will produce smaller drops from its elongated ends.
(5.4) When an aqueous drop is repeatedly chaiged and discharged by contacting the 
electi'odes, it moves rapidly between the electrodes. This is possibly due to 
electrophoretic forces. To predict the average translational velocity of the drop, 
several aspects (such as deviation from the spherical shape, charge leakage and 
imperfect contact-charging) need to be considered, as shown experimentally in 
this study. During the movement of the drop, there are instances when the 
shape o f the drop deviates fr om the spherical form, in particular when it comes 
into contact with an electrode, as was observed using high-speed photography. 
It has been experimentally shown here that high applied electric field does 
generally produce higher average drop velocity.
C h a p te r  6:
(6.1) When a di'op reaches a horizontal liquid-liquid interface, it will rest at the 
interface for a considerable period o f time. The thin liquid film between the 
drop and the interface will drain to its critical thickness. At this stage, any 
external disturbance induces the mpture o f the oil film, leading to drop-interface 
coalescence. Moreover, it is well known that the coalescence o f a diop into an 
interface usually produces a secondary drop which is known as partial drop- 
interface coalescence.
(6.2) It has been established that the application of an external electric field, o f  
appropriate strength, can induce instantaneous and single-stage drop-interface 
coalescence.
(6.3) The measured electric current o f the liquid-liquid systems studied (i.e. water- 
sunflower oil and water-heptane systems), induced by the applied potential 
difference, increases linearly with the applied potential until a point (i.e. the 
turning point) beyond which, the measured current suddenly increases very 
rapidly. This phenomenon is due to the formation of a Taylor cone, which can 
lead to the formation o f a liquid column that rises to contact the high voltage 
electrode.
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(6.4) For various thicknesses o f the water and organic phase layers, the electric 
currents at the turning points in the voltage-cunent characteristic curves, were 
found to be between 3.7 nA and 18 nA.
(6.5) It has also been observed in this work tliat the turning point o f the voltage- 
current characteristic curve for a liquid-liquid system is caused by the formation 
o f  a Taylor cone at the liquid-liquid interface. Above this turning point, the 
intensification o f the local electric field above the tip o f the cone causes very 
rapid increase in the measured electric current.
(6.6) The semi-vertical angle o f the induced cones are measured to be about 49°, 
which is very close to the value given by Taylor (1964).
(6.7) The bigger the drop, the higher the applied potential needed to induce 
instantaneous drop-interface coalescence. A bigger drop has a larger flat 
smface facing the fiat liquid-liquid interface. This produces a larger volume of 
the continuous liquid phase between the deformed drop and the flat interface, 
therefore the intervening film requires a higher applied electric potential to drain 
to the critical thickness. For water drops in sunflower oil, the highest applied 
electric potential needed for instantaneous drop-interface coalescence o f the 
largest drop corresponds to a measured electric current o f about 0.84 nA.
(6.8) The optimum value o f the applied electric field (for instantaneous drop-interface 
coalescence) should always correspond to the value o f the induced electric 
current that should be less than 3.7 nA. Above this value (which could be 
system specific), the formation o f a Taylor cone is likely to occur, which is 
undesirable in efficient drop-interface coalescence.
(6.9) The measurement o f the electric current can be used to monitor and control the 
behaviour o f a liquid-liquid interface, tlius providing an optimum condition for 
the enhancement of drop-interface coalescence. This, consequently, will 
produce a higher separation o f the dispersed drops from the continuous liquid 
phase.
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C h a p te r  7:
(7.1) An adaptive finite element method (FEM), coupled with an automatic error 
estimator and an automatic mesh generator programme, has been used to 
provide a quantitative analysis o f the electric field-induced forces for two 
systems o f a charged sphere between two charged walls and two interacting 
charged spheres. This was done to calculate the electric field-induced forces in 
the physical systems involved in the experimental part o f the work.
(7.2) It has been shown that the FEM solutions in this work are in reasonably good 
agreement with the solutions given by the analytical equation for the case o f a 
charged sphere between two charged walls. Moreover, the finite element 
formulation used in the present work accounts for the effect o f the surface 
potential o f the sphere.
(7.3) The electric-induced force acting on the surface o f the sphere increases very 
rapidly only at shor*t distances o f the sphere from the wall, with typical 
separations o f less than the sphere radius.
(7.4) In the evaluation o f the electric-induced interaction force between two identical 
charged spheres, the analytical equation for the system is not valid when the 
separation distance between the two spheres becomes smaller than the radius of 
the sphere. There is good agreement between the current FEM work and other 
solutions except at separations less than 0.3 of the sphere radius where the 
interaction force between the spheres increases very rapidly, in which case FEM 
results tend to be more reliable.
C h a p te r  8:
(8.1) As a result o f the work described above using electiic fields on liquid-liquid 
systems, two novel compact electiocoalescer-sepaiators have been developed 
and experimentally tested for very dilute water-in-oil dispersions.
(8.2) The test results clearly show that the electrocoalescer-sepaiators are capable of 
producing high separation efficiencies for the system of aqueous drops
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dispersed in a flowing viscous oil. The flow rate o f oil that can be handled by 
the separators can go up to 5 litres/min. The external applied electric field has 
been shown to greatly enhance the separation efficiency o f the separators. 
Moreover, both separators can be easily installed into existing process lines to 
separate dispersed aqueous drops from a flowing insulating liquid when treating 
a dilute dispersion o f aqueous drops.
(8.3) The separation efficiency o f the two separators increases with the applied 
electric field strength until a certain limit, beyond which drop deformation and 
break-up occur. This agrees with the findings in Chapter 5.
(8.4) An optimum electric field strength and an optimum pulsing fiequency have 
been observed to exist with a pulsed d.c. electiic field for separation efficiency 
which agree with tlie work reported in Chapter 4.
(8.5) Moreover, the layer o f the aqueous phase accumulated at the bottom o f each of 
the sepai'ators helps in capturing the dispersed aqueous drops from the flowing 
oil. This is in agreement with the work on drop-interface coalescence reported 
in Chapter 6.
(8.6) For the same average inlet drop size and pulsing frequency, the separation 
efficiency given by the centiifugal electro coalescer-separator is very similai- to 
that given by the gravitational electrocoalescer-sepaiator. However, tlie 
centrifugal electrocoalescer-sepaiator is able to handle much larger flow rates.
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9.2. Recommendations
Future experimental work should involve the microscopic study o f one or more 
drops in pulsed d.c. electric fields, as pulsed d.c. electric fields are gaining more 
attention nowadays. Quantification o f tlie film drainage and coalescence time can be 
performed for drop-drop coalescence, as well as for diop-interface coalescence, relative 
to the effects of physical, chemical, and electrical properties of the liquids. The finite 
element work is to complement the experimental work. Experimentally, it is not an 
easy task to produce diops o f different shapes. With the finite element computer code, 
drops o f different shapes can be generated in a physical arrangement with or without 
the application o f high electric fields. This is to contiibute to the studies o f drop 
deformation in high d.c. electiic fields. By using diops of different shapes, it is 
possible to evaluate the effects o f an externally applied d.c. electric field on the surface 
o f a drop when it is stretched by the electric field. The FEM can also be employed to 
look into the interaction between two non-spherical drops by calculating the resultant 
force between these drops. The FEM results can then be compared with other 
numerical solutions to evaluate its accuracy.
The present FEM can be modified to be applicable to more complicated cases 
such as a multi-drops system. In a dense multi-diop system, the short-range 
electrostatic interaction between two drops is o f tiemendous importance.
In Chapter 4, the behavioui' o f a water drop when it contacts a bare electrode has 
been investigated. However, the behaviour is likely to be quite different if  the 
electrode is insulated (Williams, 2002). In this case, the drop will not be able to 
contact the electrode but only the surface o f the insulating layer. This smface, which, 
in fact, is an interface between the continuous oil phase and the insulation will 
generally have free charges in an electric field, as a results of interfacial polarisation. 
The charge acquisition by a water drop in contact with the charged interface will be 
more complicated tlian in the case o f a bare electrode. This could also depend on 
interfacial and bulk conductivities, as the charge must flow onto the drop. The shape 
of the drop will also have an influence as a deformed drop will have a larger contact 
area with the electrode sirrface. Moreover, drop geometry will also affect the local 
electric field. If the drop is charged to opposite polarity initially, this charge is
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transformed when contacting the charged electrode, complicating the charging process 
(Williams, 2002). Therefore, it will be very interesting to carry out experiments to see 
if  the amount o f char ging can be inferred from observing the behaviour o f the drop.
It is also recommended to use a time varying electric field, due to the fact that 
when interfacial charge builds up, it destroys the electric field in the emulsion. By 
varying the polarity of the electric field, the build-up of the interfacial charge can be 
avoided. Beside the high speed video images o f the drop, it is also recommended to 
measure the current and applied voltage simultaneously in the insulated electrode 
system.
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A p p e n d ix  A
Electro-mechanical Coalescer-separators for the Separation of 
Aqueous-in-oil Dispersions
A .I. Abstract
The present inventions are the results o f experimental investigations into the 
effects o f the motion o f an aqueous-in-oil dispersion in an electrostatic coalescer- 
separator. Generally, two combinations have been looked into, with the first 
combination consisting o f simultaneously applying an electrostatic field and a 
gravitational force, while the second combination is the coupling o f an electrostatic 
field with hydrocyclonic forces. The dispersion or emulsion applicable here is such 
that the dispersed phase should have a significantly higher dielectric constant than that 
of the continuous phase, in order to establish an electrostatic field between two 
differently charged electrodes. In other words, the continuous liquid phase should be 
much more electrically insulating than the dispersed liquid phase. From experimental 
investigations, a unidirectional electric field, pulsed at a predetermined frequency is 
preferable to separate water drops continuously ftom the flowing dispersion. Figure 
A. 1 clearly shows the general ari'angement o f the first invention, termed as ‘the first 
combination’ defined above, where a water-in-oil dispersion enters tlie invention 
through the inlet tube (3). The metallic cone (8) is connected to a high voltage supply 
while the rest o f the metallic part o f the invention is grounded, thus creating high 
electrostatic fields in several areas such as between the cone (8) and the metallic strip 
(15), between the cone (8) and the accumulated water layer at the bottom o f the 
container (23), and between the cone (8) and the cone support (19). All these are 
enclosed in a transparent Perspex container (23), enabling the coalescence and the 
separation processes to be carefully studied. The dispersion flow will make a turn in 
order to enter the cone (8) from underneath. ' In this instance, the charged water drops 
aie attracted toward the accumulated aqueous layer at the bottom o f the container (23). 
The second combination, as defined eailier and as shown in Figure A.6, is the results of  
the modifications to the first combination. Generally, the invention o f the second 
combination is larger, with its separator head (21) designed in such a way as to create a
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swirling motion generating hydrocyclonic effects to the inlet dispersion. As a result, 
the second combination can accommodate higher flow rates with good separation 
efficiency. The major advantages o f these inventions are that they are cost-saving, 
compact, portable, efficient and can be installed into existing pipelines without any 
major difficulty. Moreover, the inventions can be safely used in the edible oil 
industries as they do not contaminate the products.
(Figm-e A.6 to accompany abstract)
A.2. Background of the inventions 
A.2.1. Field of the Inventions
The inventions presented here relate to the separation of any type o f aqueous-in- 
oil dispersion. Generally the separation of water-in-oil dispersions or emulsions is 
highly desirable in various industries where a certain quantity o f aqueous phase can be 
present in the system, causing various problems to the equipment, as well as increasing 
the maintenance and operating costs. Typical examples of this application are de­
watering crude oil at the well-head in crude oil drilling, de-watering distillate fuels in 
ships, solid-liquid and liquid-liquid extractions, and edible oil processing.
Co-produced water, associated with raw crude oil as it emerges fiom a well, 
originates either fiom the oil-producing reservoir itself or as a result o f the water 
injection into the reservoir for maintaining internal pressure o f the reservoir. This 
aqueous phase usually contains a high concentration of salts and is thus often termed as 
‘brine’. Although brine constitutes a very small fraction o f the well output initially, it 
could contribute a significant portion o f the output flow of the well in the later 
production stages. The decision to terminate the operation of an existing well would 
often be determined by the costs o f water removal operations. However, with the 
increasing value o f crude oil and petroleum, and reduction in the world supply, it is 
more likely that the wells will be kept operating with their outputs containing 
progressively higher water contents. Furthermore, flow monitoring equipment such as 
flowmeters and pumps, as well as gas release from crude oil during the production
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process, tends to generate turbulence, causing émulsification in the production line. As 
a result, the aqueous phase becomes finely dispersed in the continuous oil phase. 
Therefore effective separation of these liquids at the well-head is important and/or 
crucial due to the requirement for efficient transportation and to assist in the reduction 
of the potentially severe corrosion problem which can be caused by hot brines. This is 
especially relevant in offshore production sites and platforms where field-to-refinery 
ti’ansportation costs are high and maintenance is often difficult, expensive and time- 
consuming.
As mentioned earlier, one o f the major applications o f the inventions here is 
possibly also in the edible oil production industry. Generally, palm oil can be 
extracted fiom treated palm oil fruits by three different methods: centrifugation, 
hydraulic press and screw press. Using the first method produces 70 -  90% oil, 10 -  
20% water and 1 -  4% solids; the second method produces 65 -  90% oil, 10 -  30% 
water and 3 -  6% solids; while screw press gives 40 -  75% oil, 10 -  40% water and 6 -  
25% solids. The items o f conventional equipment used to separate these different 
phases are decanters, centrifuges, gravity separators and vacuum dryers. These items 
of equipment generally have a high residence time and are consequently of 
considerable dimensions and weight.
It is therefore o f high importance to develop systems that have large 
throughputs and low mean residence times. The inventions presented here relate to 
devices which effectively perform the same works described above, but in a different 
way. The inventions here have no moving parts and can be mounted in situ without 
any external mechanical connection, and can be operated at higher temperatures and 
pressures without encountering any major difficulty. Furthermore, the capital and 
maintenance costs o f the inventions are insignificant as compared to the costs of 
centrifuges or vacuum dryers. Moreover, the inventions in this patent have been 
designed in such a way as to reduce the space needed while maintaining, or even 
increasing, the separation efficiency. The separation efficiency, as used hereinafter, is 
the ratio between the aqueous phase volumetric flow rate into the inventions and the 
aqueous phase volumetiic flow rate exiting from the inventions.
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The present inventions are based upon the discovery that, depending on certain 
factors, an electrostatic field can be effectively applied to the flow o f aqueous-in-oil 
dispersions in such a way as to assist in the separation o f the two different phases. 
These factors will be described hereinafter in detail.
The apparatuses presented here are highly effective for their purpose when 
small aqueous drops are dispersed in a flowing viscous oil. Pure physical separation 
such as sedimentation, centrifugation and filtration have severe practical limitations in 
this application, such as long residence time, large space requirement and blocking o f  
filter mediums. Therefore, by utilising the present inventions here, these major 
problems can be effectively reduced, or even eliminated altogether, especially when a 
pulsed direct cuirent (d.c.) electric field and an optimum pulse frequency are applied in 
combination with physical separation effects generated by liquid flow in the inventions.
Generally, the present inventions described here consist o f two different 
combinations. The first has the combination o f the electrostatic force, due to the 
applied electric field, and gravitational force. The second combination is o f the 
electrostatic force with hydrocyclonic forces due to the swirling motion o f the flow  
within the invention. This is in line with current requirements to further optimise the 
separation equipment to accommodate higher throughput, lower operational costs and 
higher efficiency. Moreover, the second combination has been formd to be more 
applicable for higher flow rates o f aqueous-in-oil dispersions, with the oil phase 
functioning as a dielectric medium to facilitate creating an electrostatic field between 
two differently charged electrodes.
A.2.2. Description of the Related Art
As described earlier, the effective removal of the dispersed phase from the 
continuous phase in water-in-oil dispersions is crucial in many processes. Currently, 
there are several available methods, such as chemical de-emulsification, gravity or 
centrifugal settling, pH adjustment, filtration, heat treatment, membrane separation and 
electrostatic démulsification. Each o f these methods has its own advantages and 
disadvantages. For example, the use o f chemical demulsifiers can modify the water/oil 
interfacial properties, thus allowing water drops to coalesce more easily to become
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large drops. This facilitates the subsequent gravitation of the large drops. However, 
additional problems o f disposing the demulsifiers in the aqueous and oil phases are 
usually encountered. The pH effect can be utilised to separate oil-in-water emulsions, 
but it is usually not effective in breaking water-in-oil emulsions. Centrifugation, an 
effective method for some emulsions, has a high operating cost. Heating the water-in- 
oil dispersion can reduce the viscosity of the oil, thus allowing water drops to fall more 
rapidly through the oil phase, and to help in the separation of any entrained gas in the 
crude oil. However, heat treatment, as well as chemical treatment, has rather high 
operating costs, and heating has a tendency for Iiigh fuel consumption.
External electric fields have been applied quite extensively to break water-in-oil 
emulsions. Electrostatic treaters use the electric field to enhance coalescence o f  
aqueous drops in cmde oil, improving phase separation, although the exact way in 
wliich this occurs is not yet clearly rmderstood. Electrocoalescence requires that the 
continuous phase should have good electrical insulation properties. With regards to 
this, the dispersed phase should have a significantly higher dielectric constant than that 
of the continuous phase.
Coalescers are usually huge vessels with electrodes. The region between the 
electrodes causes the dispersed water drops to coalesce to produce larger drops. There 
is also a ‘settling zone’ where phase separation occurs under gravity and/or very low  
velocity flow. These conditions therefore necessitate the requirement for large vessels. 
However, this usually gives difficulties for offshore platforms. To optimise on 
platform space and area, there is a need to decrease the weight and size o f the 
equipment.
Intensification o f the coalescence process therefore would reduce the residence 
time o f the aqueous drops, which not only addresses the volumetric throughput, but 
would also enable the application o f smaller, lighter and, as a consequence, cheaper 
units. Therefore, the inventions presented here have been specially designed in such a 
way as to incorporate these features, and the inventions, being portable, are also 
capable o f being installed in existing pipeline systems without any major modification 
to the existing pipelines.
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In order to simplify the description here, the tliree distinct metliods (i.e. 
electrostatic-enhanced separation, gravitational separation and hydrocycloiric 
separation) will be discussed separately. However, the whole point or objective in the 
inventions is to show hereinafter tliat the combination o f the electrostatic and 
hydrocyclonic methods can further effectively enhance the separation o f  water drops 
dispersed in oil.
Electrostatic fields, as aforementioned, have been used mainly in tire petroleum 
industry for the separation o f water from water-in-oil dispersions. This is usually 
carried out by applying a high electric field to the flowing dispersion to cause 
coagulation and coalescence o f dispersed water drops. Some coalescence can take 
place due to Brownian motion and differential sedimentation, but these are insignificant 
compared to electrocoalescence. Generally, an irreversible breaking o f an emulsion 
can occm" in an electric field due to the coalescence o f drops. In low electric fields, 
however, water drops form linear chain-like configurations, because the electric field is 
not sufficient to induce coalescence. When the field is switched off, the drops return to 
a random state.
The concepts here are believed to be the interaction between the drops and the 
externally applied electrostatic field, resulting in drop charging and agglomeration, and 
eventually coalescence. Generally, external electric fields can cause the coalescence o f  
drops at an interface, and drop-diop coalescence in a dielectric fluid. When two drops 
approach each other, the interface is separated by a very thin layer o f  oil determining 
emulsion stability. Thus démulsification requires breaking o f tliis interfacial film. 
Generally, the main purposes o f an applied electrical field are to promote contact 
between the drops, to help in drop-drop coalescence, and to encourage drop-interface 
coalescence, thereby completing the phase separation. From experiments carried out, 
observations have been made that by applying a pulsating voltage, drop chains can be 
produced during periods o f high voltage, followed by rapid coalescence during periods 
o f no voltage. Recent experimental results also show that a proper pulse frequency can 
further enhance the coalescence o f water drops.
The characteristics or properties o f the dispersion system itself determine the 
practicality o f using high electric fields to separate the immiscible components in a
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dispersion. Dispersions containing high aqueous phase content will tend to short- 
circuit and cause the applied electric field to collapse, reducing the coalescence 
efficiency. Crude oils also contain various unknown impurities and surface-active 
components such as indigenous solids, wax crystallites, asphaltenes and resins. When 
these components are present at the oil-water interface, they may impart considerable 
stability to the emulsion, as well as rheological property changes to the system.
In settling or gravity separation, the drops are separated from the continuous 
liquid phase by gravitational forces acting on the drops. In free settling, the fall o f a 
drop is not affected by the walls o f the vessel and by other drops. Hindered settling 
occurs when drops are crowded and settle at a lower rate. When a drop is moving 
through a liquid, a number o f forces will be acting on the drop. Firstly, a density 
difference is required between the drop and the continuous phase liquid. An external 
force o f gravity is needed to impart motion to the drop. If the densities o f the drop and 
the continuous phase liquid are the same, the buoyant force on the drop will 
counterbalance the external force and the drop will not move relative to the liquid. 
Because the density o f water is higher than that of the oil, the water drop will move 
downwards in a stationary oil phase. However, for many cases in settling, a large 
number o f drops are present and the surrounding drops interfere with the motion o f  
individual drops. The velocity gradient surrounding each drop is therefore affected by 
the close presence o f otlier drops. The drops, while settling in the liquid, displace the 
liquid, and an appreciable upward velocity o f the liquid is created. Hence, the velocity 
of the liquid is appreciably greater witli respect to the drop than with respect to the 
appar atus itself.
The third method, i.e. the swirling process, increases the mass forces on 
particles or drops and thus extends gravitation to finer drop sizes and to emulsions that 
are normally stable in the gravity field. Besides, it can also eliminate the need for 
reducing the viscosity o f the oil, and thus eliminate the need o f using chemical and/or 
heat treatment for the oil. The equipment available for this purpose can be generally 
classified as fixed-wall devices (i.e. hydrocyclones) and rotating devices (sedimenting 
centrifiiges). Most hydrocyclones in current use are designed for removing a more 
dense dispersion from the continuous phase. Hydrocyclones have no rotating parts, 
with the emulsion being tangentially injected into the interior o f a cylindrically-walled
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vessel to cause the emulsion to flow circumferentially within the vessel. This 
generates a vortex within the hydrocyclone body, causing the water drops to migrate 
radially towards the vessel cylindrical wall. Water drops, being heavier than the oil, 
will migrate toward the outside perimeter of the fluid and to the inside of the containing 
wall, due to the hydrocyclonic force generated. Therefore, the advantages o f a 
hydrocyclone system ar e the low mean residence time, compactness o f the unit, which 
being basically cylindrical can easily withstand high pressure, the gain in reliability due 
to the avoidance o f moving parts and elimination o f fine clearance elements that can be 
choked or need replacing.
The complexity in the separation o f two immiscible liquids in a hydrocyclone is 
accentuated when compared with that of solid particles removal from a liquid, due to 
the effect o f shear forces on the dispersed liquid drops. These forces are maximum 
where the velocity gradients in the hydrocyclone are highest and tend to be at places 
where the separating effect is the greatest. This may cause breakage o f possible 
agglomerates or floes which is not desirable in separation but very suitable for 
classification. Liquid drops will tend to start breaking up when a critical shear force is 
reached and efficiency will then fall off at higher flow rates. Therefore, the present 
invention here is designed to produce regions o f fast swirling to promote separation but 
at the same time it can avoid break-up o f the drops in regions of high shear.
Since the present inventions, as aforementioned, also work closely on a density 
difference between the water drops and the oil phase, water drop size is critical to the 
separation efficiency. The separation efficiency in itself is only an efficiency 
measurement of the present inventions for a particular- water and oil flowrate with a 
given water drop size. Consequently, the requirements for control and measurement o f 
the parameters under investigation can be looked at in terms of the amount of water and 
oil in the influent and effluent flows. The overall flow rate through the present 
inventions affects the separation efficiency greatly since it determines the strength o f  
the vortex and hence the trajectory of each water drop. The higher the viscosity o f the 
continuous liquid phase, the greater the frictional resistance to the migration o f the 
dispersed water drops thr ough it and also tlie more likely the occurrence o f drop break­
up as shear effects will increase.
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Therefore, it is clear that by combining the electrostatic force and the 
hydrocyclonic force, a major improvement to the coalescence o f water drops and 
separation efficiency can be achieved. This will move the separation technology 
towards the direction o f small, portable and yet efficient separators. The present 
invention has been designed in such a way as to achieve the aforementioned benefits, 
and also it is cost-saving and easily maintainable.
A.3.1. Brief descriptions of the drawings
The inventions will now be further described and illustrated by reference to tlie 
accompanying drawings, in which:-
Figure A .l is a perspective view, in schematic form, o f the first current 
invention employing high pulsed d.c. electric fields combined with gravitational forces 
for use in the separation o f aqueous-in-oil dispersions. This combination is termed as 
‘the first combination’ as hereinafter described.
Figure A.2 is a front view o f the metallic cone (8), together with its attachments. 
The cone (8) serves as the high voltage electrode with positive polarity.
Figure A.3 is a plan view o f the cone (8), together with its attachments. The 
four holes (17) are for the flow o f the oil from the cone (8) to the outlet tube (4).
Figure A.4 is a perspective view o f the metallic strip (15) ivith its attachments to 
the inside o f the device head (21).
Figure A.5 is a perspective view o f the metallic cone support (19).
Figure A.6 is a perspective view, in schematic form, o f the second cunent 
invention, designed and modified for use in the separation of aqueous-in-oil dispersions 
or emulsions using high electric fields o f pulsing natuie combined with hydrocyclonic 
forces. This combination is termed as ‘the second combination’ as hereinafter be 
described.
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A.3.2. Detailed description of the inventions and the preferred embodiments
The technical aspects and features, the separation techniques and all 
embodiments o f the present inventions should hereinafter be described in detail with 
reference to the accompanying drawings. Nevertheless, it should be kept in mind that 
the present inventions are not limited to the illustrated embodiments. The first 
combination o f electrostatic and gravitational forces, also termed as ‘the first 
combination’ and/or ‘the first invention’, for the separation o f aqueous-in-oil 
dispersions will hereinafter be described in detail with reference to Figures A .l to A.5. 
Thereafter, the second combination o f electrostatic and hydrocyclonic forces, also 
termed as ‘the second combination’ and/or ‘the second invention’, will be described in 
detail with reference to Figures A.2 to A.6, and comparisons between these two 
combinations will be made accordingly.
Altogether there are six major figures given together with these inventions. All 
the six figures should be used together in order to have a clear picture and description 
of the invention as a whole.
Referring to Figure A .l in the first place, the dispersion consisting o f water 
drops dispersed in oil enters the first invention (or electro-mechanical coalescer- 
separator) through inlet tube (3). It is very important that the whole body o f the 
separator is grounded with direct earth connection to the separator head (21), the 
middle shaft (7), the upper needle valve (6) and the needle valve (5) through an earth 
cable (2) screwed to the body o f the device head (21). Only the cone (8), preferably 
made o f good conductive and non-corrosive material, is connected to the high voltage 
supply by a high voltage cable (1). It is preferable to employ a pulsed d.c. electric field 
with a certain frequency pulsed between 0.1 Hz and 10.0 Hz, as experimentally 
discovered. The cable (1) is car efully attached to the body o f the cone (8) with a screw 
(10). The entrance o f the high voltage cable (1) to the separator head (21) is sealed by 
a screw seal (22), thus preventing any liquid from leaking through the entrance. The 
water drops will get charged in several places in the separator: between the metallic 
cone (8) and the metallic strip (15) around the upper part of the Perspex container (23), 
between the cone (8) and the accumulated water layer at the bottom o f the Perspex
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container (23), and between the cone (8) and the metallic cone support (19). All these 
ai'e enclosed in a transparent Perspex container (23), enabling the coalescence and the 
separation processes to be visible. The electric fields between the cone (8) and the 
metallic strip (15), and between the cone (8) and the cone support (19) have been set up 
in such a way as to be perpendicular* with respect to the general direction o f the 
dispersion flow. However the arrangement of the cone (8) with the accumulated 
aqueous body at the bottom of the container (23) is such that the electrostatic field set 
up is in the same general direction o f the dispersion flow. These different 
arrangements have been observed to have different effects on the capture o f the 
individual water drops. The dispersion flow will make a turn in order to enter the cone 
(8) from the bottom. In this instance, the charged water drops are attracted towards the 
accumulated water layer at the bottom o f the Perspex container (23), due to the 
electrostatic attractive force and also the gravitational force. Therefore, the height of  
the water layer plays a very important role here. From experimental results, there is 
clearly an optimum height to achieve an optimum separation efficiency o f water drops 
fiom the oil continuous phase.
The treated organic or oil phase leaves the invention through the outlet tube (4) 
while the coalesced water layer accumulates at the bottom of the Perspex container 
(23). The needle valve (5) with hole (13) is used to drain out the body o f water 
accumulated at the bottom of the separator. This is important in order to maintain an 
optimum level o f water body below the metallic cone (8). The needle valve (5) can be 
automatically controlled to release any over-accumulated water in order to make human 
intervention to a minimum.
One o f the major advantages o f this invention is that it can coalesce and retain 
water drops at the same time, thus producing cleaner oil at the outlet (4). The size of 
this invention is significantly very small compared to conventional electrostatic 
separators, enabling it to be installed into any existing treatment facility without any 
major modification to the pipelines. This is also due to the fact that the inlet tube (3) 
and the outlet tube (4) can be changed easily as these are actually screwed-on 
connectors.
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The applied potential is preferably a pulsed d.c. electiic field with voltages 
ranging from 0.5 kV to 4 kV, depending on the water content of the oil and also on the 
average water drop size. The average inlet water drop size can range from a few  
micrometers to a few millimetres in diameter.
Details of the high voltage electrode, i.e. the metallic cone (8) are shown in 
Figuie A.2 and Figure A.3. The cone (8) is attached permanently to the cone head (9), 
with the cone head (9) as an insulator between the metallic cone (8) and the the 
separator head (21). Therefore, the cone head (9) should be made o f any good 
electrical insulator. The hollow cylinder (16) at the top middle o f the cone head (9) is 
to position the whole cone (8) around the middle shaft (7). The hollow cylinder (16) 
and the middle shaft (7) are preferably made o f any good conductive and non-corrosive 
material. From Figure A.3, it can be see that there are four holes (17) around the 
hollow cylinder (16). These holes (17) are for the flow of oil from the inside o f the 
cone (8). The high voltage cable (1) is carefully and cleverly attached to the internal o f  
the body o f the metallic cone (8) using a screw connection (10). As shown in Figure 
A.3, the high voltage cable (1) is positioned through one o f the holes (17).
Figure A.4 shows one o f  the grounded electrodes, i.e. the metallic strip (15) 
arormd the internal upper section o f the circular Perspex container (23). This rormd 
metallic strip (15) is cormected to the separator head (21) by the metallic strip 
attachments (18), so that the metallic strip (15) is also groimded. The electrostatic field 
set up between the metallic cone (8) and the round metallic strip (15) is the major field 
in order to charge the aqueous drops in the dispersion entering the separator. 
Therefore, the separation distance between the metallic strip (15) and the cone (8) is 
crucial here as it greatly determines the electric field strength generated between them. 
Drop deformation and, as a result, electrical short circuiting have been observed 
experimentally when the applied voltage is above a certain predetermined value.
Another major advantage o f the present invention is that the whole arrangement 
of the metallic cone (8) together with the insulating cone head (9) and the hollow  
cylinder (16), can be detached easily from the separator head (21). This is because the 
cone support (19), as shown in Figure A.5, has been designed in such a way as to be 
removable from tlie middle shaft (7) and the insulating cone head (9). This feature
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enables the metallic cone (8) to be removed for various purposes such as cleaning and 
further modifications. The cone support (19) is actually a long hollow cylinder with a 
bigger diameter end to support the cone head (9). The long vertical hole (20) through 
the cone support (19) is to accommodate the middle shaft (7). The cone support (19) 
can be made o f any conductive material but preferably o f the same material as the one 
for the metallic cone (8). In each case, the skilled man will have no difficulty, given 
the present disclosure and embodiments, in designing an appropriate electrode 
arrangement to provide the correct electrostatic field.
Figure A.6 shows the basic components of the second invention, designed and 
modified to separate water-in-oil dispersions by utilising pulsed electric fields together 
with hydrocyclonic forces. Generally, this modified present invention, termed as ‘the 
second combination’, is also designed to treat any aqueous solution dispersed in any 
organic solution, but with higher flow rates. Referring to Figure A.6, the dispersion of  
aqueous drops in oil enters the present invention tlirough the inlet tube (3). This inlet 
tube (3) has the same internal diameter as the one for the first combination. Therefore, 
with the same cross-sectional area for the flow, a higher flow rate will generate a higher 
inlet dispersion velocity. The inlet tube (3) for the flow o f the dispersion into the 
invention is attached to the separator head (21) through a threaded connector (25). In 
this way, the invention, referring to the second combination, can also be installed into 
existing pipelines without any major difficulty. This is one o f the advantages o f the 
current invention besides it being portable and cost saving. The material used for the 
inlet tube (3) and tlie threaded connector (25) is preferably a hardened plastic which is 
commercially available. The dispersion will then go through the separator head (21) 
which is made o f metallic material in order to set up an earth connection easily. The 
separator head (21) and the dispersion inlet tube (1) o f the second combination are 
designed in such a way as to generate a swirling flow from the incoming dispersion in 
order to produce a tangential or circumferential motion within the body (23) o f the 
present modified invention. This is to produce a vortex within the body (23) to cause 
the aqueous drops to migrate radially towards the vessel cylindrical wall (23) o f the 
present invention o f the second combination. The cylindrical wall (23) here is o f a 
uniform cross-sectional area while that o f the first combination has an increasing cross- 
sectional ai-ea from the bottom to the top.
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The high voltage cable (1) is connected to the metallic cone (8) by a screw 
connector (10), as in the first combination aforementioned, in order to make the cone 
(8) a high voltage electrode. The cone (8) is preferably made o f a good conductive and 
corrosion-resistance material. The other end o f the high voltage cable (1) is connected 
to the EHT supply with a positive polarity. The high voltage cable (1) is cleverly 
inserted into the inside o f the invention by a screw seal (22). The EHT supply used 
here is preferably able to produce between 0 and 30 kV o f pulsed electric potential. 
Nevertheless, the electric potential usually used is between 1 and 6 kV, pulsed at 
between 0.1 and 10 Hz. Moreover, an optimum electric field exists together with an 
optimum applied frequency, as in the first combination. Except for the metallic cone 
(8), the whole o f the invention is completely earthed. The ground cable (2) is 
connected through the separator head (21) by a screw seal (29), together with a 
threaded connector (30).
As in the first invention, the electrostatic field in the second invention is also 
established in several areas in the second invention: between the metallic cone (8) and 
the metallic strip (15) around the upper part o f the Perspex body (23), between the 
metallic cone (8) and the middle shaft (7), and between the metallic cone (8) and the 
bottom plate (27). The bottom plate (27) thus should be preferably made o f metallic 
material. In the second combination, the bottom plate (27) can be detached from the 
cylindrical body (23) by the bottom bolt (31). However there is no such detachable 
bottom plate in the first combination.
The aqueous or water drops, will migrate to the metallic strip (15) due partly to 
the vortex generated by the swirling flow and partly to the electrostatic attraction forces 
between the charged drops and the strip (15). This will also cause the drops to 
coalesce with one another, forming bigger drops which are more susceptible to 
gravitation. After some time, an aqueous layer can be observed to form on top o f the 
bottom plate (27). This aqueous layer is crucial to the enhancement o f the separation 
efficiency, as its height fiom the bottom of the metallic cone (8) determines the 
attraction and thus coalescence rate o f dispersed water drops into the sm'face o f the 
aqueous layer. The level o f tliis aqueous layer can be controlled by a screw valve (26) 
connected thiough the bottom plate (27). The bottom plate (27) is firmly attached to 
the Perspex body (23) by a bolt (31) into the middle shaft (7).
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In order to further enhance the separation of water drops from oil continuous 
phase, the direction o f the flow o f water/oil dispersion is made to turn to the inside of 
the cone (8), as similar in the aforementioned first invention, before being released 
fiom the invention thiough the outlet tube (4). The outlet tube (4) is firmly attached 
onto the separator head (21) by a connector (28). This design is beneficial when the 
invention is needed to be installed into existing pipelines; no major modification is 
necessary as the size o f the outlet (4) can be changed easily to fit into the existing 
pipeline.
The metallic cone (8) in the second invention is significantly longer than the 
cone (8) as shown in Figme A.2 for the first invention. This is due to the fact that the 
modified invention (i.e. the second invention) is significantly larger and longer than the 
first invention or the first separator. The cone (8), made from metallic material, is 
actually a hollow cylinder o f decreasing diameter from tlie bottom to the top. It is 
insulated from the separator head (21) by a cone head (9) o f insulating material 
preferably a hardened plastic. Figure A.2 also shows how the high voltage cable (1) is 
connected to the cone (8) by a screw connector (10). This is connected in such a way 
as to minimise any effect or disturbance to the flow o f the water-in-oil dispersion. 
Figure A.3, a plan view o f the whole anangement, shows that there are four identical 
holes (17) on the top surface o f the cone head (9). These holes (17) function as outlets 
for the oil flowing fiom the inside o f the cone (8) to the separator head (21). It can 
also be seen from Figure A.3 that tlie high voltage cable (1) is attached to the cone (8) 
through one o f these holes (17). However, in the second invention or separator, there 
is no hollow cylinder (16) as shown in Figure A.2 and Figure A.3 for the first invention.
The metallic strip (15) around the upper part of the Perspex body (23) for the 
second invention or combination is similar to the one shown in Figure A.4 for the first 
invention except that the metallic strip (15) in the second invention is much larger and 
wider than tliat in the first combination. There are four attachments (18) to make a 
contact with the separator head (21), forming a well-grounded system. The 
electrostatic field created between the cone (8) and this metallic strip (15) is o f the 
highest intensity compar ed to the other two areas mentioned above.
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From experimental observations and results obtained, the second invention or 
combination is more efficient than the first invention for higher flow rates o f water-in- 
oil dispersions. This is due to the fact that there is the extra swirling action in the 
second invention, generating hydrocyclonic forces to capture the water drops in the 
second combination.
A.4. Claims
1. An invention for the separation o f the components o f a liquid/liquid dispersion 
or emulsion, combining the steps o f applying an electrostatic field and a 
gravitational force simultaneously to the dispersion, with this combination 
termed as ‘the first invention’ and/or ‘the first combination’.
2. An invention for the separation o f the components o f a liquid/liquid dispersion 
or emulsion, combining the steps o f applying an electrostatic force and a 
hydrocyclonic force simultaneously to the dispersion, with this combination 
termed as ‘the second invention’ and/or ‘the second combination’.
3. The inventions, according to Claims 1 and 2, are adapted and suitable for use in 
a continuous liquid/liquid separation process, both for the first invention and the 
second invention.
4. The inventions, according to Claims 1 and 2, wherein the dispersion heated can 
be o f any type o f aqueous liquid phase, dispersed in the form o f drops, in an 
organic liquid phase.
5. The liquid phases, according to Claim 4, should be an aqueous or water liquid 
phase o f a high dielectric constant and an organic or oil phase o f a much lower 
dielectric constant.
6. The methods and apparatuses, according to any one o f the preceding claims, 
wherein the applied electrostatic field should be a pulsed unidirectional electric
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field between a relatively high voltage electrode and a relatively low voltage 
electrode.
7. The appai'atuses, according to any o f the preceding claims, wherein there is 
more than one earthed or groimded electrode and only one high voltage 
electrode in the first invention, as well as in the second invention.
8. The inventions, according to any o f the preceding claims, wherein high electric 
fields are applied by means o f a conical electrode as the high voltage electrode 
for the first invention and the second invention.
9. The invention, according to Claim 1 and Claims 3 to 8, wherein the voltage 
applied to the relatively high electrode is between 0.5 kV and 4.0 kV in the first 
invention or combination.
10. The invention, according to Claim 9, wherein the voltage applied across the 
electrodes is pulsed at a predetermined frequency between 0.1 Hz and 10 Hz in 
the first invention or combination.
11. The invention, according to any o f the preceding claims, wherein the potential 
applied to the high voltage electrode is between 0.5 kV and 6.0 kV and the 
frequency is pulsed at between 0.1 Hz and 10 Hz or more in the second 
invention or combination.
12. The inventions, according to Claims 1 - 1 1 ,  wherein the gravitational force is 
enhanced by the attraction o f charged water drops toward the grounded body o f  
water phase at the bottom o f the apparatus in the first invention and in the 
second invention.
13. The invention, according to Claim 2, wherein the hydrocyclonic force is 
generated by the swirling motion o f the flow of dispersion between the central 
electrode and the cylindrical wall in the second invention or combination.
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14. The inventions, according to any of the preceding claims, wherein the
separation o f the water drops from the continuous oil phase is further enhanced 
by the coalescence o f charged water drops into the grounded layer o f water 
phase accumulated at the bottom of the apparatuses for both the first invention 
and the second invention.
15. The invention, according to Claim2, Claims 3 - 8  and Claims 11 -  13, can
generate different magnitudes of the hydrocyclonic force by increasing or 
decreasing the inlet flow rate o f the dispersion for the first invention.
16. The inventions, according to any o f the preceding claims, wherein the cone (8),
the metallic strip (15), the metallic cone support (19) and the middle shaft (7) 
are preferably made o f  any good conductive and corrosion-resistance material 
for both the first invention and the second invention.
17. The inventions, according to any o f the preceding claims, wherein the
inventions, with reference to both the first invention and the second invention, 
should be completely electrically-grounded for obvious safety reasons.
18. The apparatuses, according to any o f the preceding claims, wherein they are
very suitable for direct installation into any existing facility due to the flexible 
inlet and outlet connections, both for the first invention or combination and for 
the second invention and combination.
19. The inventions, according to any of the preceding claims, wherein the separators
are light and portable as well as are suitable for application in diesel engines, 
both for the first invention and the second invention.
20. The inventions, according to the above claims, that the second invention or
combination is more efficient than the first invention or combination for treating 
larger flow rates o f aqueous-in-oil dispersions.
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21. The inventions, according to the above claims, are suitable for application in 
any edible oil industry as both the first invention and the second invention are 
safe from contaminating the edible oil.
22. The inventions, referring to both the first invention or combination and the 
second invention or combination for use in the separation o f two different 
immiscible phases o f a liquid/liquid dispersion or emulsion, are substantially as 
herein described and shown with reference to the accompanying drawings.
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